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Abstract 
 
As a part of the process of renovation of Eurocode-5, a study on the variables affecting the load 
bearing capacity and the kinetics of mechanical connections is conducted together with an 
investigation on the influence of the fiber direction in the embedment strength of wood. 
Experiments and numerical models are made and a complementary identification of the failure 
mode is realized. 
The large amount of variables and cross-correlations affecting the load bearing capacity of the 
connections as well as the complex effect of the grain direction on the embedment strength of 
wood, makes indispensable the further study in both subjects. This report provides useful 
information to help defining future needed experiments. 
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1. Introduction 
 
Eurocode-5 is the standard document comprising the technical rules for wood structures. This 
standard is currently under revision for improvement, and this thesis is conducted as an attempt 
to contribute to this process by analyzing two very specific points: the load bearing capacity of 
dowel-type fasteners, single shear, timber to timber connections and the embedment strength 
of wood. 
Connections are a very characteristic and important element of wood structures that require an 
individual study. Two principal parameters are important in the design of a connection, the 
maximum load it can resist and the acceptable slip it can have. This study, however, focuses only 
on the load bearing capacity, disregarding the extension. To such attempt, different experiments 
are proposed by which selected variables of the connection are investigated. In addition, a 
special attention is given to the kinetics of the failure, for which an analysis of the fasteners and 
the wood members posterior to testing is carried out.  
The theory behind the lateral-load-carrying capacity of timber connections, which was adopted 
as the base for the Eurocode-5 rules, was presented by K. W. Johansen (Theory of timber 
connections, 1949). In it, the load carrying capacity of an individual fastener is defined as a 
function of three parameters: the yield strength, the withdrawal strength and the embedment 
strength. Moreover, the possible failure modes of the fasteners in the connection are defined, 
c.f. Figure 1. 
The yield strength is the lowest stress for which the fastener will deform permanently. The effect 
of this strength is predominant for the failure modes in which a permanent deformation of the 
fastener (a yielding point) is observed. The parameter used to define this characteristic strength 
of the fastener is the Yielding Moment My, defined as the yielding stress σ divided by the elastic 
section modulus S, at its turn defined as the moment of inertia I divided by the distance from 
the neutral axis to the most extreme fiber. Generally, if yielding is not present in the fastener 
after the failure of the connection, it can be assumed that the yielding moment is big enough to 
resist the failure load for which another failure mode develops. 
 
Figure 1: Failure modes of dowel-type fasteners connections 
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The withdrawal strength is the capacity of the fastener to resist the effect of the axial forces 
pulling it inside or outside of the wood member. The existence of axial forces in the fastener is 
subjected to the deviation of the fastener from the perpendicular position with respect to the 
applied forces; hence, it is relevant for the failure modes c) to f) in Figure 1. A low withdrawal 
strength can lead to the observation of a pull-out effect, by which the wood members of the 
connection separate from one another, whereas a high withdrawal strength can lead to pull-in 
effect, in which the head of the fasteners penetrate inside the wood member. A pull-in effect is 
more likely to be seen for screwed connections than for nailed connections.  
The embedment strength is the resistance of the wood to a relative displacement of the dowel 
in the direction of the application of the force. The behavior of the characteristic load-
embedment curve is simplified to be a rigid-plastic curve. The embedment strength is defined 
as the load for which the plastic part of the curve starts divided by the projected area of 
application of the force. For low embedment strengths of the wood, the failure modes a) and b) 
in Figure 1 are likely to develop. 
The load bearing capacity of the connection will be, thus, a combination of the three strengths. 
The yielding and the embedment strength define the load carrying capacity according to 
Johansen yield theory whereas the withdrawal strength accounts for the axial withdrawal 
capacity, known as the rope effect (EN 1995-1-1:2004, 2004, s. 62). 
 
The different failure modes being presented, the kinetics of the failure of the fasteners can be 
understood as a coexistence of the 6 failure modes, for which the variables of the connection 
will define the load needed for each one to develop. Whichever presents the lowest load, will 
cause the failure in the connection. 
This particular interpretation will be used in this report to represent the effect of the variables 
to the failure mode of the connection by means of what will be known as failure mode curves. 
It is important to note, however, that the representations of the failure mode curves, will only 
show their characteristic behavior for a very specific set of conditions and for a relatively small 
range of values for each variable. 
 
Finally, in regard to the study of the influence of the fiber direction on the embedment strength 
of wood, the effect of the diameter and surface roughness of the fastener will also be taken into 
account. 
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2. Objective of the study 
 
The aim of this study is to give a better understanding on the influence of different characteristic 
parameters of dowel-type wood connections to ultimately contribute to the improvement of 
Eurocode-5 in two ways: first, the proposal of a more accurate model for the estimation of the 
maximum load bearing capacity of nailed and screwed, single shear, timber to timber 
connections and second, the verification of the influence of the fiber direction angle in the 
embedment strength of wood. 
Regarding the creation of the model, this report limits its contribution to the generation of a 
qualitative model, for a bigger amount of tests would be required to achieve a quantitative 
model, by which an approximation on the effect of different parameters can be done. This study 
will provide useful information on the need of future and specific studies to be done for the final 
generation of the quantitative model.  
In equation (2.1) the basic form of the model is presented. The idea is to experimentally create 
a model based on the multiplication of different parameters and the posterior adjustment of 
the result by means of K-values: F0 is the product of the different elements participating in the 
load bearing capacity of the connection and Ki is the adjustment parameter for the variable i.  
 F = F0 · ∏ Ki
N
i=1
 (2.1) 
With this study is also intended to identify the parameters affecting the kinetics and the failure 
mode of the connection and to define characteristic points or intervals of intersection between 
failure modes. 
For the validation of the influence of the fiber direction in the embedment strength of wood, 
tests will be carried out and the results will be compared with the ones presented in the 
Standard. With the results, the influence of the fiber direction and other variables will be used 
to complement the definition of embedment strength of wood. 
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3. Experimental study 
 
In this section the fundamental part of the project is presented, the experimental study. First 
the structure of the study, then the materials and loading procedures used, and finally the 
experiments realized.  
3.1 Structure of the study 
In order to respond to the two objectives of the study, two different experiments are carried 
out. The first one falls under the name “Lateral load capacity experiment” and the other can be 
classified as “Embedment experiment”. The characteristic parameters and general concepts of 
both experiments are presented: 
Lateral load capacity Experiment 
With this first experiment it is intended to identify the influencing parameters in the load bearing 
capacity of nailed and screwed, one shear, timber to timber connections. For this purpose 3 
series of experiments are set up, each one focusing on the study of certain variables of the 
connection. Despite the certainty that there are other variables effecting the connection, there 
had been selected for this study the ones considered most relevant. 
The three series, named “Series A, B and C”, consist of a different number of double lap shear 
specimens with mechanical connections, with equally distanced fasteners forming a row in the 
longitudinal direction, tested in tension until failure. The total number of tests and variables 
under study vary with the series. A representation of the specimen is shown in Figure 2.  
 
Figure 2: Representation of the double lap shear specimen used in lateral load capacity Experiment  
Following are listed and defined all the variables and constant parameters that define the 
specimens.  
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Variables: 
 Number of nails: refers to the number of fasteners per side. The total number of 
fasteners per side in a specimen ranges from 4 to 14. The name “number of nails” is 
used regardless of the type of fastener. 
 Type of fastener: Indicates if the fastener is a nail or a screw. 
 Nail diameter: used indistinctively for nails and for screws. In both cases indicates the 
effective diameter 1of the fastener. 
 End distance: defined as the shortest distance from the extreme nail of the row in one 
member of the specimen to the closest free edge in the direction of the row.  
 Reinforcement: indicates if the end distance part of the members include a screw in the 
width direction.   
 Nail distance: defined as the distance between two consecutive fasteners, regardless of 
the type. 
 Row length: It is defined as the distance from the first to the last fastener in one side of 
the specimen. It is a linear dependent variable with number of nails and nail distance; 
this variable will not be used unless the use of the other two can lead to confusion. 
 Side Thickness: The thickness of the two side members of the specimen. Both sides have 
the same dimensions.  
 Teflon: indicates if Teflon has been placed in between the members of the specimen. 
 Reduced Thread: it indicates, for the case of screws, if their thread has been reduced. 
Further explanation on this is done later, c.f. section 3.2.2. 
 Hardened Nails: in the case of nails, indicates if their steel has been submitted to a 
hardener treatment. 
Constants: 
 Center Thickness: The thickness of the center member is 51 mm for all the specimens. 
 Width: the width is 70 mm for all the members and specimens. 
To broaden the information obtained from these tests, a posterior observation is done by which 
it is tried to identify the type of failure. The “Failure Identification” is needed in order to include 
the kinematics of the failure of wood connections in the model. 
Embedment Experiment 
This experiment only comprises one series, called “Series D”, by which different types of 
fasteners are used to test the embedment strength and the stiffness of wood with fiber direction 
ranging from 0 to 90 degrees from the direction of application of the load; the only two variables 
in this experiment are the angle of fiber direction and the type of fastener. 
Thus, two different experiments are done: for the modeling of the load bearing capacity, 3 
lateral load capacity series plus a Failure identification are carried out whereas for the 
verification of the effect of the fiber direction on the embedment strength, only one series is 
needed. It can easily be seen with Table 1: 
 
                                                          
1 Effective diameter is the dimension of the fastener relevant for the calculation of the different 
parameters such as the load bearing capacity. It is defined in (DS-EN 14592-2008, 2008).  
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Table 1: Structure of the study 
Lateral load capacity experiment 
 Series A 
 Series B 
 Series C 
 Failure Identification 
Embedment experiment 
 Series D 
 
Before explaining the experiments in detail, the parameters that participate are identified, so as 
to be able to make a smooth presentation of their procedures afterwards. Thus, next are 
presented the different elements from the experiments and thereafter the experiments 
themselves.  
3.2 Materials and Methods 
The explanation of the different parameters of the experiments starts by the wood product, 
continues by the types of fasteners, other materials used, the machines and tools, and finally 
the loading procedures. 
3.2.1 LVL 
As wood product for the experiments LVL (Laminated Veneer Lumber) has been chosen. LVL is 
an engineered wood product produced from few millimeters thick Spruce veneers glued 
together and later cut at the desired dimensions. The ply-based structure reduces the 
probability of large defects in wood and so of sudden weaknesses therefore increasing the 
strength and decreasing the variability of its properties. 
The characteristics of LVL makes it an adequate product for the study. Using this will reduce to 
a minimum the effect of the wood in the connections, thus allowing the results to be attributable 
to the variation of the connection parameters. In particular, the LVL used is Kerto-S-LVL, which 
has 3 mm thick veneers with parallel direction of the grain. 
For the lateral load capacity experiment two different thicknesses of side members are used: 33 
and 39; for all connections the fiber direction forms 0 degrees with the direction of the 
application of the force. For the embedment experiment 33 mm thick rectangular specimens 
are used; the different fiber direction angles go from 0 to 90 every 5 degrees without the angles 
35, 40, 50 and 55. 
A complete table of characteristic values and physical properties for Kerto products can be found 
in section A.1 of the Appendix (Metsä Wood Kerto, 2012): 
3.2.2 Fasteners 
A total of 6 and 7 different fasteners are used for the lateral load capacity experiment and the 
embedment experiment respectively, with the only repetition of the screw referred to as 
“screw.1”. For all of them the diameter and the type of surface are important parameters and 
for the lateral load capacity experiment so it is the yielding moment. In Table 2 the relevant 
properties of the fasteners used are presented and in Figure 3 a picture of all them. 
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Table 2: Relevant properties of the fasteners used in the study 
Name 
Effective diameter  
(mm) 
Length  
(mm) 
Surface Type / Thread 
length 
Characteristic yielding 
Moment (N·m) 
     
 Nail.1 3.1 63 Threaded 3.2 
 Nail.2 3.4 63 Threaded 4.4 
 Nail.3 3.4 63 Threaded/Hardened 7.5 
 Nail.4 3.1 - Threaded - 
 Nail.5 
 
3.1 - Smooth - 
 Screw.1 4.6 80 45 5.6 
 Screw.2 4.6 80 15 2.8 
 Screw.3 
 
3.5 50 35 - 
 Dowel.1 5.9 - Smooth - 
 Dowel.2 5.9 - Threaded - 
 Dowel.3 9.9 - Smooth - 
 Dowel.4 9.9 - Threaded - 
 
 
Figure 3: Fasteners used in the study 
Nails 1 to 3 and screws 1 to 3 in Table 2 are the fasteners used in the lateral load capacity 
Experiment. “Screw.2” are screws whose thread has been removed until presenting a 15 mm 
long thread starting from the tip and the rest of the body plain; the variable “Reduced Thread” 
characterizes this kind of fastener. The hardened nails are threaded nails to which a hardener 
treatment has been applied. For the lateral load capacity Experiment all the nails have a 
threaded surface. 
3.2.3 Teflon 
In some specimens from the lateral load capacity Experiment Teflon tape has been used 
between the members. Teflon tape is a Polytetrafluoroethylene (PTFE) adhesive film 
characterized by an extremely low coefficient of friction; in Teflon-Teflon contact the coefficient 
of friction is 0.07 whereas for contact wood-wood is 0.3.   
Nail.1 
Nail.2 
Nail.3 
Nail.4 
Nail.5 
Screw.1 
Screw.2 
Screw.3 
Dowel.3 
Dowel.2 
Dowel.1 
Dowel.4 
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3.2.4 Machines and Tools 
For the realization of the experiments, two testing machines and a nail-gun are used: 
 Testing machine INSTRON 6025: electromechanical materials testing machine for tests 
up to 100 KN. No longer in production (INSTRON, 2014).   
 Testing machine INSTRON 8521: Static hydraulic system for tests up to 600 KN 
(INSTRON, 2014). 
 Nail-gun: Pneumatic fastener driving tool. PSN 100.1, Paslode. 
3.2.5 Loading Procedures 
For the lateral load capacity experiment a traction test is done; the direction of the force in the 
center member is opposite to that in the side members, for which it is equal. To find the failure 
load of the specimens, the testing code DS/EN 26891 (1993) is followed. For lateral load capacity 
tests an estimation of the failure load Fest is done based on which a 6-steps scheme is determined 
and followed.  
Starting from zero, the load is increased at a constant rate of 0.2·Fest per minute until reaching 
40% of the estimated failure load. Then the load is held constant during 30 seconds in order to 
allow the loading to be reversed. The load is thereafter decreased at the same rate as before 
until 10% of the estimated failure load is reached and then again held constant during 30 
seconds. After that, the load is increased, at same rate, until reaching the 70% of the estimation. 
The sixth and final step is extension-controlled. The velocity of extension shall be adjusted so 
that the ultimate load or slip of 15 mm is reached within 3 to 5 minutes. Is in regard of this last 
step that some considerations must be done. 
First, for these tests the limitation of the slip is not considered, for it is intended to reach and 
study the ultimate failure load regardless of the extension. Second, in some occasions the 
specification regarding the duration of the test is not met; the last step of the procedure takes 
longer than 5 minutes. Third, for all the tests an extension rate of 1.5 mm/min is selected for 
the 6th step of the scheme; this decision is taken after the observation of old experiments tested 
with the same loading procedure and it has proved to be adequate for the majority of the tests. 
To obtain the embedment strength of the wood, the testing code DS/EN 383 (2007) specifies 
the procedure of the test. Nevertheless, the standard is not followed in this case. The test 
method of the experiment consists in pressing a dowel-type fastener with a distributed load 
along its length, towards the surface of a specimen on which it is placed. The fastener is placed 
with its length perpendicular to the plies planes and its length is greater than the thickness of 
the specimen. The pressure is induced by displacement of the dowel at a constant velocity. 
With the application of this test method it is intended to avoid a possible bending of the dowel 
and therefore a variation on the force distribution in the wood that the standard method might 
provoke. The specific mm/min ratio is adjusted depending on the type of dowel tested.  
3.3 Experiments 
This section presents the different processes followed during the experiments. For all the tests, 
observations and pictures are taken. In the case of the lateral load capacity experiment, the 
observations are to note, principally, these 4 possible incidents: splitting of any member, pull in 
of the fasteners, pull-out and characteristic noises. The observations for all the study can be 
found in the sections A.2 to A.5 in the Appendix.  
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3.3.1 Lateral load capacity experiment  
This experiment consists in 3 similar series and a posterior failure identification. The explanation 
follows a chronological order. 
Making the specimens  
The specimen type for the three experiments is the same, and so it is their process of 
construction. First the testing machine is chosen, and the metal grips that allow the test to be 
performed are selected; Once these grips are chosen, the dimensions for each part of the 
specimen can be calculated, which are determined as a function of the number of nails, the nail 
distance, the end distance and the grips. 
For the three experiments, it results in the definition of two different lengths for the side 
members and two different lengths for the center members; sketches for all the experiments 
specimens can be seen in section A.6 in the Appendix. In some occasions the lengths can be 
more accurate for each specimen, but it is decided to simplify the construction process by using 
over-dimensioned specimens in few tests. 
When the lengths are decided, the LVL beams are cut at the specified dimensions, each part is 
named and marked depending on the variables, and the holes for the grips are drilled. The rule 
for the names of the specimens can be found in the observations of each experiment in sections 
A.2 to A.5 in the Appendix. Finally, the fasteners are nailed or screwed. Once the specimen is 
ready, in accordance to conditioning specifications of the standard procedure followed (DS/ISO 
6891) which follows the standard (ISO 554, 1976), the specimens are kept for one week in a 
climate chamber at 20 degrees and 65% relative humidity. After this wait, the specimen is ready 
to be tested. The conditioning specifications during the construction of the specimen are, 
however, not followed (EN 1380:2009, 2009).  
As explained in section Machines and Tools, a nail-gun was used for the nailing process. Using a 
nail-gun is less damaging to the wood compared to using a hammer. The nail-gun shots the nail 
so fast that, due to the elastic behavior of wood, the surrounding area of the nail doesn’t damage 
as much as hammering does.  
It is however important to note that due to an inexpert use of the tool, in many occasions only 
compressed air comes out from the nail-gun causing the damage of the first one or two plies of 
the LVL; this damage is seen in many pictures from the test specimens as 1 cm long rectangular 
holes beneath the nails, for the nail was afterwards shot at the same place where the hole had 
occurred. This damage in, at maximum, the first two plies of the LVL, though, doesn´t affect as 
much as hammering the nails. 
3.3.1.1 Series A 
Table 3 summarizes the variables decided for this series, the consequent number of tests and 
their characteristics. In this case, “Reinforcement” is included in the variable “End distance” 
which is defined in times the diameter of the nail. The Reinforcement is done by adding 1 screw 
at the end part of the side members of the specimen. Both nail distance and side thickness are 
measured in mm for all the experiments. All the other variables are held constant in this 
Experiment.  
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Table 3: Definition of lateral load capacity Experiment, Series A 
Variables Definition of the specimens in Series A 
End distance 15·d 30·d 15·d + Reinforcement 
Side Thickness 33 39 33 39 33 39 
Nail distance 19.6 42.5 19.6 42.5 19.6 42.5 19.6 42.5 19.6 42.5 19.6 42.5 
Number of nails 7 4 14 7 7 4 14 7 7 4 14 7 7 4 14 7 7 4 14 7 7 4 14 7 
 
Some variables remain completely defined with the definition of others, for instance the 
specification of the type of nails used in the experiment also define the values for the variables 
“Hardened nails” or “Reduced Threaded”. Next are the parameters that completely define the 
experiment: 
 Fastener: for Series A, “Nail.1” is used as the joint connectors and “Screw.3” as the 
reinforcement. 
 Teflon: it is not used in this experiment. 
 Testing Machine: INSTRON 6025 
3.3.1.2 Series B 
Table 4 summarizes the variables decided for this series, the consequent number of tests and 
their characteristics: 
Table 4: Definition of lateral load capacity Experiment, Series B 
Variables Definition of the specimens in Series B 
Number of nails 4 7 
Nail distance 30 60 30 
Reduced Thread Yes No Yes No Yes No 
Teflon Yes No Yes No Yes No Yes No Yes No Yes No 
 
In this case the effect of the number of nails and the nail distance is studied independently by 
maintaining constant one of the variables while varying the other. In this occasion none of the 
specimens have reinforcement. Next are the parameters that completely define the experiment: 
 Fastener: for Series B “Screw.1” and “Screw.2” have been used, the latter coinciding 
with the variable “Reduced Thread” being a yes. 
 Side thickness: 39 mm for all the specimens. 
 End distance: In this case it is kept constant as 100 mm (21.75 times the effective 
diameter of the screw). 
 Testing Machine: INSTRON 6025 
Two extra tests are done in this series, both of them with 4 nails, 30 mm nail distance, no Teflon 
nor reduced thread, and different side thickness: one test has 33 mm and the other 45 mm.  
3.3.1.3 Series C 
Table 5 summarizes the variables decided for this series, the consequent number of tests and 
their characteristics: 
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Table 5: Definition of lateral load capacity Experiment, Series C 
Variables Definition of the specimens in Series C 
Number of nails 4 7 
Nail distance 40 80 40 
Hardened nails Yes No Yes No Yes No 
Teflon Yes No Yes No Yes No Yes No Yes No Yes No 
 
In this occasion there is the particularity that the nail-gun has to be charged individually each 
time because the head of the nails used is not D-shaped to facilitate the application. It is 
distinctive of this series the fact that 3 of the 12 specimens broke while the test was running, 
but the failure happened in the side members in the part in contact with the grip. This is 
consequence of the length of the wood in the grip being reduced in comparison to the other 
two series. This was solved by redoing the specimens and this time reinforcing the weak part 
with two reinforcement screws per side. Next are the parameters that completely define the 
experiment: 
 Fastener: for Experiment 3, “Nail.2” and “Nail.3” are used, the latter coinciding with the 
variable “Hardened Nail” being a yes. For the last 3 tests, also “Screw.3” is used. 
 End distance: In this case it is kept constant at 30 times the diameter of the nail, i.e. 102 
mm. 
 Testing machine: INSTRON 6025 for the first 9 specimens tested and INSTRON 8521 for 
the last 3.   
One extra tests is done with 4 nails, 80 mm nail distance and the diameter of the nail has been 
reduced to 3.1mm. This test serves to see the relation between Series A and Series C. Note that 
during the experiment, the machine INSTRON 8521 stored data every 0.1 seconds, and the 
variability of the load within this interval was very high and it resulted in a thick curve in which 
it was difficult to estimate the load at each point, because within the same second, a big range 
of values were obtained. To reduce the variability, the mean value of every second of test is 
used. 
Posterior Adjustments 
The data obtained from the tests is: time, extension and applied load. For this study, the 
extension and the load are both needed: the failure load for the creation of the model, and the 
progress of load and extension for the identification of characteristic behaviors in the tests. In 
this regard, two important adjustments are required: 
The first one is the adjustment of the first steps of the curve. For the analysis of the behavior of 
the connection during the application of the load it is only interesting the last loading step of 
the scheme, starting from the 10% of the estimated failure load until the actual fail. Therefore, 
the first loading and unloading processes, which are only to eliminate possible residual stresses 
in the LVL after the configuration of the connection, are deleted and the curve is adjusted so as 
to start at extension zero.  
The second adjustment is related to the final step of the scheme. Due to changing from a load-
controlled to an extension-controlled process without allowing the testing machine enough time 
to adapt, during a couple of seconds a sudden interruption in the test occurs, seen as a jump in 
the load-extension curve at the 70% of the estimated failure load. This little interruption is 
counteract by this following procedure: 
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The curve immediately previous and posterior to the interruption is taken and the slope of a 
regression line is calculated for each side. Then, the position where the posterior curve would 
have been in case of no interruption is found and all the points are adjusted to this expected 
position. Finally the data for the interruption is neglected, hence obtaining a smooth curve. In 
the section A.7 of the appendix it can be seen the whole procedure of adjustment of one of 
these curves.  
Another thing done after each test is the measurement of the specimen density and moisture 
content. For the density, a sample from each member of the specimen is cut, measured and 
weighed. This process is done in a complete random order, and the analysis shows that the 
average density for the side members (33 and 39 mm thick) is significantly inferior to that of the 
center members (51 mm thick); Density of the side members is 493.6 kg/m3 and for the center 
members is 505 kg/m3. Nevertheless, even though statistically significant, such variation falls 
inside the expected variation of wood density, therefore it is not considered a source of variation 
for the experiments. A similar variation is found regarding the moisture content of different 
thicknesses. The measurements and statistical analysis of the density and moisture content are 
found in A.8 in the Appendix. 
3.3.1.4 Failure Identification  
Failure identification is intended to sort the different specimens into the different kind of failures 
so as to be able to do two things: first, identify characteristic behaviors of the failure mode 
curves and second, add this parameter in the model, by adding a new K-value or adjusting the 
variables participating in the formula, thus creating a model for every kind of failure, in 
accordance with the actual model proposed by the Eurocode-5 (EN 1995-1-1:2004, 2004, p. 61).  
Six different failure modes are expected in the connections, with the possibility that more than 
one is developing at the same time, but only one bringing the connection to fail. In the following 
list each expected failure criteria is presented and the effect on the connection is shown in Figure 
4.  
 Splitting: when a member of the specimen splits in its mid-width plane.  
 One hinge side: if the fastener presents a hinge happening in the side piece. In this case 
the failure is described by 2 variables, one for the position of the hinge and another one 
for the angle generated. 
 One hinge center: if the fastener presents a hinge happening in the center piece. 
Likewise, one variable is used for the position and another for the angle. 
 Two hinges: if the fastener presents two hinges. For this case 2 variables for position 
and 2 variables for the angles are used. 
 Pull in: if the head of the fasteners appears to be one or more plies inside the side 
member of the specimen. 
 Pull out: if the side members happens to be separated from the center member.  
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Figure 4: Failure possibilities. From top to bottom and left to right: splitting, pull in, one hinge, two hinges, pull out  
With this objective, every specimen is cut open longitudinally in the plane formed by the nails. 
This way all the nails can be taken out the specimen without damaging the shape in the wood 
they have left. After opening the specimen every nail and part of the specimen is named so as 
to be able to keep a track of every part, and pictures are taken from all of them. By the use of a 
specialized software, the angles and positions of the hinges are calculated. Figure 5 shows the 
system used to catalog the angles and position of the hinges of the fasteners. 
 
Figure 5: Reference system for measuring the yielding point angle and position 
3.3.2 Embedment Experiment 
The experiment consists in testing the embedment strength of different wood specimens with 
two variables: the angle the wood fibers makes with the direction of the load and the type of 
fastener with which the load is applied. For the angles, a range from 0 to 90 degrees is used, and 
for the fasteners, the influence of different diameters and surface profiles is studied. The 
fasteners used are: nail.4, nail.5, screw.1 and dowels 1 to 4. 
Different numbers of tests are done depending on these two variables: for the tests with angles 
up to 45 degrees and fasteners Nail.4 and Nail.5, as well as all the tests with fastener Screw.1, 
three tests are done per each studied angle and the average value is determined. For all the 
other angle and fastener combinations, only one test is done. In total, more than 66 tests are 
αs 
αc 
Center hinge 
Side hinge 
Xs 
Xc 
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done. However, the number of different specimens needed is inferior to that, due to the fact 
that every specimen presents the two complementary angles of the fiber direction.   
For this experiment, the fastener is placed in a steel holder, referred in this report as “nail-
holder”, with the adequate form to allow the fastener to be in equilibrium. Then the LVL 
specimen is placed on top of the fastener and pressure is applied deepening it inside the wood 
using the testing machine INSTRON 6025. A representation of the specimens in the test process 
can be seen in Figure 6, in which also the fiber direction is shown; 0 degrees in a) and 45 degrees 
in b). 
a)              b)   
Figure 6: Embedment experiment specimens 
A problem occurs regarding the nail-holder: the holder used at the beginning, Figure 6 a), 
happens to be only good for the stiffer specimens, i.e. the ones with the lower angle of fiber 
direction. For the rest, the displacement of the fastener before reaching the maximum stress is 
too big that, eventually, the nail holder contacts the wood, therefore affecting the outcome of 
the experiment. 
For this reason a second type of holder, Figure 6 b), is used. The second holder has a sharper 
ending so as to avoid the contact with wood. The use of this second holder however, was not 
completely successful. It allow the tests to be run longer, and the maximum stress can be 
reached for higher angles. However, after a certain displacement, all the tests start to split 
following the fiber direction, leading to the bending of the specimen and ultimately causing the 
wood to touch the holder again. 
Posterior adjustments: 
The data collected after each test correspond to time, extension and load applied. The 
parameters relevant for the study are maximum force, maximum stress and stiffness; for the 
last two parameters, the extension becomes important. The duration of these tests is not 
considered relevant for this study. 
In order to find the stress-extension curve, some adjustments are made to the load-extension 
curves obtained from the tests: the area of the dowel applying the force to the wood is needed. 
It is calculated by means of equation (3.1) which gives the longitude of half the chord of a 
circumference, l, as a function of the extension x, c.f. Figure 7.  The chord’s longitude is 
multiplied by the average value of the specimen thickness and after, the load is divided by this 
area, hence obtaining the stress.  
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𝑙 = 𝑟 · √1 −
(𝑟 − 𝑥)
𝑟
2
  (3.1) 
Figure 7: Calculation of the length of half the chord of a circumference 
The average value of the specimen thickness is used, for it is considered unnecessary to take 
into account for the little effect of the actual thickness of each parameter, especially because 
the test is set up manually and some misalignments with the perpendicular direction of the plies 
are done, which counteract the effect of using the proper thickness. 
In this point it is necessary to define two new parameters that will be used from now on in this 
study. Due to the fact that the strain has not been calculated during the experiments, the results 
are load-extension curves. Consequently, a new strain-alike parameter is needed so as to be 
able to relate the stress with the extension in a first part of the curve, in which the load increases 
proportionally with the extension, by means of what will be known in this study as Embedment 
Stiffness. The strain-alike parameter is called Ə and it is defined as the extension divided the 
effective diameter of the fastener, and the Embedment Stiffness is called Ke. Equation (3.2) 
shows the definition of Ə and (3.3) the relation between the parameters, where δ is the 
extension, Øeff the effective diameter of the fastener and σ the stress. The part of the curve in 
which this relation is verified is referred in this study as the proportional part. 
 
 
 
Ə =
δ
Ø𝑒𝑓𝑓
 σ = K𝑒 · Ə  
(3.2) (3.3) 
Finally, the proportional part of the curve is substituted by a straight line with the K slope and 
adjusted to start at zero. This whole process of adjustment can be seen for the embedment of a 
nail in section A.9 of the Appendix.  
It is important to mention that this procedure becomes a little different for the embedment of 
screws. In this case the adjustment is more complex to make, for it is needed to account for the 
dimensions of the thread. The study is simplified by assuming that the only part of the screw 
applying force to the specimen is the core (3.1 mm); however, the exact moment the core of the 
screw started to apply force to the wood is difficult to predict, therefore it is decided to calculate 
the area starting at absolute zero displacement of the test, even though it is known to be 
incorrect, hence considering and area of 3.1 mm width, the same as the nails. Following the 
definition, however, the effective diameter (4.6 mm) of the screw is used to calculate Ə. 
Finally, the stiffness of the screw tests is calculated considering the slope generated in the curve 
after the core of the screw starts touching the wood specimen (the curve presents a lower slope 
when only the threads are in contact with the wood, c.f. Figure 20). The effect of this 
simplification is accepted and will be taken into account during the discussion of the results.
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4. Results 
This section presents the results from the experiments in tables and figures. In order to present 
the results and to differentiate the effect of each variable, one figure per variable is presented. 
The figures present the characteristic influence of the variable by showing the variation of some 
specific specimens; the rest of the specimens are supposed to behave with the variable likewise 
the curves presented. Note that all the information obtained in the experiments can be 
consulted in the Appendix-Disc. In it, folder A.1 contains the results from the 4 series, and A.3 
all the pictures done during the experiments. 
4.1 Lateral load capacity Experiment 
Table 6 presents the variables, failure load and type of failure of all the tests from the lateral 
load capacity experiment. For this table, all the variables related to the type of fastener are 
reduced to the name of the fastener and the variable Reinforcement is included in the column 
of end distance.  
Table 6: Failure load and Failure type of lateral load capacity experiment tests 
 Test 
Variables 
Failure 
load (KN) 
Type of 
failure 
End 
distance 
(Ø times) 
Number 
of nails 
Nail 
distance 
(mm) 
Side 
thickness 
(mm) 
Type of 
fastener 
TEFLON 
          
SERIES A 1 15 7 42.5 33 Nail.1 No 22,339 Splitting; 2Hi 
 2 30 7 42.5 33 Nail.1 No 23,551 2H 
 3 15 + R 7 42.5 33 Nail.1 No 25,614 2H 
 4 15 14 19.62 33 Nail.1 No 23,004 Splitting; 1H 
 5 30 14 19.62 33 Nail.1 No 22,881 Microsplitii 
 6 15 + R 14 19.62 33 Nail.1 No 23,249 Splitting; 1H 
 7 15 4 42.5 33 Nail.1 No 13,391 Splitting; 2H 
 8 30 4 42.5 33 Nail.1 No 14,173 2H 
 9 15 + R 4 42.5 33 Nail.1 No 14,358 2H 
 10 15 7 19.62 33 Nail.1 No 11,006 Splitting; 1H 
 11 30 7 19.62 33 Nail.1 No 14,904 Splitting; 2H 
 12 15 + R 7 19.62 33 Nail.1 No 14,843 Splitting; 2H 
 13 15 7 42.5 39 Nail.1 No 21,937 2H 
 14 30 7 42.5 39 Nail.1 No 22,722 2H 
 15 15 + R 7 42.5 39 Nail.1 No 20,597 Splitting; 2H 
 16 15 14 19.62 39 Nail.1 No 19,356 Splitting; 1H 
 17 30 14 19.62 39 Nail.1 No 23,271 Microsplit; 2H 
 18 15 + R 14 19.62 39 Nail.1 No 19,728 
Split ciii; 1H; 
pull-out 
 19 15 4 42.5 39 Nail.1 No 13,002 2H 
 20 30 4 42.5 39 Nail.1 No 12,101 2H 
 21 15 + R 4 42.5 39 Nail.1 No 12,075 2H 
 22 15 7 19.62 39 Nail.1 No 11,585 Splitting; 1H 
 23 30 7 19.62 39 Nail.1 No 17,144 1H; 2H 
 24 15 + R 7 19.62 39 Nail.1 No 14,154 Splitting; 2H 
          
SERIES B 1 21.75 4 30 39 Screw.1 No 19,803 2H; pull-in 
 2 21.75 4 30 39 Screw.1 Yes 17,960 2H 
 3 21.75 4 30 39 Screw.2 No 18,843 2H; Pull-in 
 4 21.75 4 30 39 Screw.2 Yes 14,496 2H; Pull-in 
 5 21.75 4 60 39 Screw.1 No 26,648 2H; Pull-in 
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i 1H stands for 1 hinge in the side member and 2H stands for 2 hinges.  
ii  Microsplit is a failure mode not foreseen previous to testing. It is presented in the discussion of this study. 
iii Splitting in the center member, which was not reinforced, as the side members were. 
Regarding the type of failure, for all the specimens that fail due to splitting, if yielding of the 
fasteners is seen, it is written in the cell. The cells where it appears both 1H and 2H, correspond 
to specimens for which it is difficult to distinct which mode between these two is predominant. 
In Series A, test number 5 didn’t reach the maximum failure load due to a bad configuration of 
the testing machine; therefore the value in the table is not completely correct. The failure load 
of the test would have been higher than the one presented. In series B, from the two extra tests 
planned, only the test 33 mm thick was successfully tested; the test with 45 mm thick side 
members has been eliminated from the study.  
The results obtained after the failure identification are presented in section A.13 of the 
Appendix, in a table in which, for all the nails in all the tests, the angles generated in the yielding 
point and the position of the hinges are presented. 
SERIES A 
Figure 8 shows the effect of the variation of both the number of nails and the nail distance in 
the specimens; the figure shows the specific case of tests with 15·d end distance and 39 mm 
side thickness. A bigger nail distance implies a greater load per nail, and so does a smaller 
number of nails. The order of these curves is followed by the rest of the combinations of end 
distance and side thickness. The complete set of charts describing Series A can be consulted in 
the section A.10 of the Appendix. Note that all the Figures from this section present the Load 
per nail of the connection. 
 6 21.75 4 60 39 Screw.1 Yes 23,164 
2H;  Pull-in; 
Pull-out 
 7 21.75 4 60 39 Screw.2 No 20,939 2H 
 8 21.75 4 60 39 Screw.2 Yes 13,762 2H 
 9 21.75 7 30 39 Screw.1 No 27,135 1H; 2H 
 10 21.75 7 30 39 Screw.1 Yes 24,064 2H; Pull-in 
 11 21.75 7 30 39 Screw.2 No 27,036 2H; Pull-in 
 12 21.75 7 30 39 Screw.2 Yes 20,611 2H 
 13 21.75 4 30 33 Screw.1 No 18.607 2H; pull-in 
          
SERIES C 1 30 4 80 33 Nail.2 No 17,650 2H 
 2 30 4 80 33 Nail.3 No 18,547 1H; pull-out 
 3 30 4 80 33 Nail.2 Yes 15,279 2H 
 4 30 4 80 33 Nail.3 Yes 16,379 1H 
 5 30 7 40 33 Nail.2 No 29.045 2H 
 6 30 7 40 33 Nail.3 No 30.056 
1H; pull-in; 
pull-out 
 7 30 7 40 33 Nail.2 Yes 20.856 1H; 2H 
 8 30 7 40 33 Nail.3 Yes 24,496 1H; pull-in 
 9 30 4 40 33 Nail.2 No 16,281 2H; pull-out 
 10 30 4 40 33 Nail.3 No 17,846 1H 
 11 30 4 40 33 Nail.2 Yes 13,912 2H 
 12 30 4 40 33 Nail.3 Yes 14,700 1H; pull-out 
 13 30 4 80 33 Nail.1 No 13,985 - 
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Figure 8: Effect of the number of nails and nail distance in lateral load capacity experiment with 15·d end distance 
and 39 mm side thickness 
To illustrate the effect of the side members thickness three figures are required. Figure 9 shows 
the effect for specimens with 4 nails and 42.5 mm nail distance: the failure load per nail is similar 
for the three different end distances in the 33 mm thick specimens (the curve 15d_33_4_42,5 
appears less ductile, which is attributable to the fact that this specimen split) and a reduction of 
the failure load is experienced for a thicker side member, being this reduction smaller for the 
end distance of 15d. The effect shown in this figure is similar to the effect obtained for the 
specimens with 7 nails and 42.5 mm. 
However, the curves obtained in the specimens with 19.62 mm nail distance are different. Figure 
10 shows the effect in the case of 14 nails, for which a lower effect of the increased side thickness 
is seen for the specimen with end distance 30d, and in Figure 11 in case of 7 nails, where the 
effect of the side thickness is more heterogeneous. 
 
Figure 9: Effect of side thickness in lateral load capacity experiment with 4 nails and 42.5 nail distance 
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Figure 10: Effect of side thickness in lateral load capacity experiment with 14 nails and 19.62 nail distance 
 
Figure 11: Effect of side thickness in lateral load capacity experiment with 7 nails and 19.62 mm nail distance  
Figure 9, Figure 10 and Figure 11 also illustrate the effect of the end distance. A particular 
behavior can be observed in Figure 9 for the specific case of 4 nails and 42.5 nail distance: for 
equal side thickness the three end distances present no remarkable difference in the load per 
nail. This specific case is followed by all the specimens with 42.5 mm nail distance or 33 mm side 
thickness. For the specimens with 39 mm side thickness and 19.62 mm nail distance, the curves 
present a greater difference with the variation of end distance. In the case of 14 nails this is seen 
in Figure 10 and for 7 nails in Figure 11.  
SERIES B 
Figure 12 shows the effect of reduced thread and Teflon variables when maintaining constants 
number of nails and nail distance. In particular, it shows the case with 4 nails and 30 mm nail 
distance. It is seen that Teflon considerably reduces the load bearing capacity of the nail due to 
the loss of friction. A reduced thread decreases the failure load of the specimen especially when 
combined with Teflon. For the case with 7 nails at 30 mm nail distance, the curves follow the 
same order. Figure 13 shows the difference of the curves in the case with 4 nails and 60 mm nail 
distance. The effect of a reduced thread gains importance with increased nail distance. The 
complete set of charts describing Series B can be consulted in section A.11 of the Appendix. 
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Figure 12: Effect of reduced thread and Teflon in lateral load capacity experiments with 4 nails and 30 mm nail 
distance 
 
Figure 13: Effect of reduced thread and Teflon in lateral load capacity experiment with 4 nails and 60 mm nail 
distance 
Figure 14 shows the effect of the number of nails and the nail distance when all the other 
variables are kept constant. Specifically it shows the case with Screw.1 and no Teflon: the highest 
load bearing capacity is obtained for a large nail distance. For a short nail distance, the lower the 
number of nails the greater the failure load per nail. The curves for the specimens with Screw.1 
and Teflon and with Screw.2 without Teflon, follow the same order than in Figure 14. Figure 15 
shows the effect when Screw.2 and Teflon are used: in this case the variable nail distance doesn’t 
have as much influence as the number of nails.  
Finally, Figure 16 shows the result of the extra specimen of this series, the specimen with thinner 
side members. No big difference is observed.  
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Figure 14: Effect of number of nails and nail distance in lateral load capacity experiment with Screw.1 and no Teflon 
 
Figure 15: Effect of number of nails and nail distance in lateral load capacity experiment with Screw.2 and Teflon 
 
Figure 16: Effect of number of side thickness in lateral load capacity experiment with 4 screws and 30 mm nail 
distance 
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SERIES C 
Figure 17 shows the effect hardened nails and Teflon when used in the specimens with 4 nails 
and 80 mm nail distance. It is seen in the figure that the use of hardened nails give a similar 
increase of failure load compared to non-hardened nails, and that the decrease produced by 
Teflon is bigger than the increase achieved with hardened nails. The complete set of charts 
describing Series C can be consulted in section A.12 of the Appendix. 
 
Figure 17: Effect of hardened nails and Teflon in lateral load capacity experiment with 4 screws and 80 mm nail 
distance  
Figure 18 shows the effect of the number of nails and nail distance in the specimens with non-
hardened nails and no Teflon. The effect of the number of nails and the nail distance appears to 
have no influence in the load that each nail is able to resist before failure. The curves will follow 
the same order for all the other combinations of fastener with and without Teflon, and for 
hardened nails the curve of the specimen with 4 nails and 40 mm nail distance reaches the same 
extension as the other two.  
Finally, Figure 19 shows the effect of using a different fastener’s diameter. 
 
Figure 18: Effect of number of nails and nail distance in lateral load capacity experiment with non-hardened nails 
and no Teflon 
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Figure 19: effect of the different diameter of the fastener 
 
4.2 Embedment Experiment 
Figure 20 shows the 3 kinds of curves obtained in the embedment experiment: A curve of a tests 
with low fiber direction angle, these tests reach the failure load before the nail holder comes in 
contact with the wood specimen; a curve from a test with high fiber direction angle, where the 
nail holder comes in contact with the specimen and the load keeps increasing; and finally the 
characteristic curve obtained in the embedment of screws. The first part of this curve coincides 
with the interval in which only the thread is penetrating the wood and the change of slope starts 
when the core of the screw starts to touch the wood. 
 
Figure 20: Different curves obtained in the embedment experiment 
As a consequence of the existing contact between the wood and the holder, some tests do not 
reach the maximum stress but keep increasing, thus becoming inadequate to identify the 
embedment strength as the maximum stress reached during the test. For this reason a new 
criteria is used:  
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Embedment strength is defined as the stress at a deformation equal to the effective diameter of 
the fastener or the maximum stress of the test if reached for lower extensions.  
In the specific case of the screws it is observed that the nail-holder comes in contact with the 
wood for deformations much smaller than the effective diameter and that the criteria 
established, therefore, leads to unreliable results . For this reason, for the case of screws, the 
limit of the criteria is modified to be the smooth shank diameter, instead of the effective 
diameter. This alteration on the definition of embedment strength will be taken into account in 
the discussion of the results.   
Table 7 presents the results from the Embedment Experiment. It shows, for each angle and type 
of fastener, the embedment stiffness Ke, which due to the definition of the strain-alike 
parameter Ə is expressed in MPa, and the embedment strength. In some cases more than one 
test with the same angle and fastener is made, but only the mean value is presented in the table. 
The table with the results for each test is presented in section A.14 of the Appendix. In the 
Appendix the data for the length of the proportional part of the curve in relation to the whole 
curve is also presented. 
The embedment strength is proportional to the density of the wood; in order to eliminate this 
factor from the study, the embedment strength presented in Table 8 has been normalized 
dividing every strength by the density of the specimen and multiplying it by the mean density of 
all the tests. This way the specimens with lower density and therefore a lower strength than 
expected see its strength increased and the specimens with higher density, decreased. The same 
procedure is done for the embedment stiffness. 
Table 7: Maximum Stress and Stiffness in Embedment Experiments 
Angle 
 Stiffness 
(MPa) 
Strength 
(N/mm2) 
 Stiffness 
(MPa) 
Strength 
(N/mm2) 
 Stiffness 
(MPa) 
Strength 
(N/mm2) 
 Stiffness 
(MPa) 
Strength 
(N/mm2) 
             
  Nail 4   Nail 5   Screw.1     
             
0  272,7 60,6  405,9 53,0  260,5 45,4    
5  259,7 55,0  292,3 50,0       
10  236,4 56,1          
15  248,7 57,8  258,6 48,1       
20  179,4 51,0  222,2 45,9       
25  156,0 53,3  183,6 45,7       
30  142,7 46,9  157,8 45,0  185,2 53,7    
45  132,7 52,7  136,1 50,6  132,1 46,7    
60  105,7 47,2  154,0 45,7  107,2 42,8    
65  91,5 48,7  105,5 49,1       
70  100,7 51,3  116,1 49,1       
75  130,8 51,9  120,1 48,0       
80  100,5 56,5  101,8 49,6       
85  100,6 53,5  158,6 57,7       
90  89,6 53,9  138,9 48,9  94,8 45,2    
             
  Medium Smooth  Medium Threaded  Thick Smooth  Thick Threaded 
             
0  341,2 42,9  443,8 59,1  568,0 44,4  583,5 50,7 
30  316,2 39,0  286,9 51,6  365,3 31,2  301,8 34,6 
45  245,4 42,5  195,3 38,4  395,8 33,4  224,9 26,4 
60  184,9 31,2  136,6 41,0  246,2 27,6  341,2 34,2 
90  216,3 34,9  130,6 37,2  324,2 36,4  188,2 39,2 
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For the embedment experiment different names than the ones presented in Table 2 have been 
used for the fasteners, because it is considered to help understanding the figures. Figure 21 and 
Figure 22 show the results obtained using fasteners with the same diameter but different 
surface roughness. The names “threaded”, “smooth” and “screw”, refer to “nail.4”, “nail.5” and 
“screw.1” respectively. It is observable in these figures a clear decrease of the embedment 
stiffness with the grain direction and a lower variation in the strength. 
 
Figure 21: Strength vs. Fiber direction for threaded, smooth nails and screws 
  
Figure 22: Stiffness vs. Fiber direction for threaded, smooth nails and screws 
Figure 23 and Figure 24 show the results obtained using fasteners with a different surface 
roughness and a different thickness. The dowels used have a diameter of 5.9 and 9.9 mm and a 
smooth or threaded surface. The notation used in the Figures is the following: the first letter 
stands for either “Medium-size” or “Thick-size” and the seconds letter does it for either 
“Smooth” or “Threaded”. The dowels MS, MT, TS, TT correspond to “Dowel.1”, “Dowel.2”, 
“Dowel.3” and “Dowel.4” respectively. Likewise the other fasteners, a decrease is seen for the 
embedment stiffness whereas the strength doesn’t follow such a clear curve. 
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Figure 23: Strength vs. Fiber direction for thicker dowels 
 
Figure 24: Stiffness vs. Fiber direction for thicker dowels 
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5. Discussion 
5.1 Lateral load capacity experiment 
In this section, the effect of each variable is analyzed individually with the maximum 
independence possible from the rest. For each one, the repercussion of its variation is discussed 
regarding both the load bearing capacity and the failure mode, and it is compared with what is 
expected according to Eurocode-5 (EN 1995-1-1:2004, 2004). Where possible, a quantification 
of its influence is done, which later is used and compared with the numerical analysis of the 
experiments. The cross-correlation with the other variables is also identified. The discussion is 
done in a different order than the one followed at the presentation of the variables, since it is 
more convenient to start the discussion by the variables affecting few specimens. After the 
discussion of all the variables, a discussion of the failure mode is conducted, with which relevant 
behaviors and characteristic points in the failure modes curves are identified. 
Note that all the information and charts from this discussion can be found in Appendix-Disc-
A.2.1, inside the spread sheet titled “Numerical modeling”. 
5.1.1 Effect of the variables on the load bearing capacity  
5.1.1.1 Hardened nails 
The difference between hardened and non-hardened nails is a higher yielding moment for the 
first ones. The influence of this factor is considered in the Eurocode-5 (EN 1995-1-1:2004, 2004, 
p. 61) to affect only in those connections failing due to yielding of the fastener (either one or 
two hinges) and to have no effect for other kinds of failure. In the case of two hinges the yielding 
moment effects at the power of ½ of its value to the load carrying capacity, whereas for one 
hinge the factor is somewhat smaller. 
A first comparison of the load carrying capacity per shear plane per fastener is realized 
calculating the expected failure load according to the variables using the Johansen’s formulas, 
adopting the recommendations of the Danish standard for all the unknown variables. The 
calculations are done with a especial software and they can be consulted in section A.15 of the 
Appendix. The calculations show the relative 
difference of the load bearing capacity 
between the fasteners: the square root of the 
relation between yielding moments for the two 
hinges failure mode, that in the case of this 
study, would mean a 30% of increment of the 
failure load, and less for one hinge.  
The use of this software is beneficial, for it also 
provides information regarding the failure 
mode expected to occur according with the 
standard. It shows that for the non-hardened 
Figure 25: Influence of the yielding moment in the 
load carrying capacity per nail of the connection 
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nails the first mode of failure has one hinge, whereas for the hardened nails there is no yielding, 
but rotation of the nail. Due to this change in the failure mode, the increment of the load bearing 
capacity is only around a 10% of the failure load.  
The results obtained from the experiment of this study doesn’t completely coincide with the 
results obtained with the software. Regarding the capacity of the nails, a similar increment is 
obtained, varying from 5 to 10% for different connection specifications (neglecting specimen 
7_40_T), c.f. Figure 25, which can only be understood if there is a shift in the failure mode. The 
failure identification indicates so, but in this case in disagreement with the standard’s 
expectations.  
It shows that while the non-hardened nails generate, for all Series C except for the specimen 
7_40_Teflon, two hinges, the hardened nails provoke only one hinge in the side member which, 
in addition, presents a smaller angle than non-hardened nails, c.f. Figure 33. The different 
specimen, c.f. Figure 34, presents a combination between 1 and 2 hinges; further elaboration in 
this combination of 1 and 2 hinges is done in section 5.1.2.1, where a closer look into the yielding 
failure modes is done. 
No clear correlation can be stated between this particular variable – hardened nails - and other 
variables, except for the apparently bigger influence in the connections with Teflon and a large 
number of nails. This specific case is however a consequence of the use of Teflon in the non-
hardened nails specimen, as it is explained in section 5.1.1.3, therefore no cross-correlations are 
seen.  
Hence, a conclusion can be done by saying that with the variation of the yielding moment an 
effect equal to the square root of this change is expected, unless between the two yielding 
moments the failure mode changes, in which case the result cannot be so easily predicted. 
5.1.1.2 Reduced Threaded 
The effect of the reduced thread is expected to be noticed in two distinct ways. First, the 
diameter of the fastener is reduced to be the core diameter of the screw and the yielding 
moment is also reduced, c.f. Table 2, hence reducing the expected load bearing capacity of the 
connection. Second, the effective length is shortened reducing the withdrawal and the pulling 
through strength (EN 1995-1-1:2004, 2004), thus expecting to note a difference in the failure 
mode. A comparison using the Johansen’s theory, again using the software and the procedure 
explained in section A.15 of the Appendix, shows that the expected load bearing capacity 
reduction is around a 50% and that the failure mode is with two hinges for both cases. 
The experiment, in this case show a totally different behavior. The use of reduced thread is, as 
expected, decreasing the load bearing capacity, 
but the degree of reduction is clearly seen as a 
cross-correlation with the number of nails, nail 
distance and the use of Teflon. If the specimen 
with 7 nails and 30 mm of nail distance is taken 
as a reference, the percentage of reduction of 
the load bearing capacity of the connection due 
to a reduced thread can be explained as follows: 
The number of nails have a little influence on 
the effect of the reduced thread, increasing 
when having less nails, from being 0% for 7 nails 
Figure 26:  Effect of the Reduced Thread in the 
load bearing capacity per nail of the connection 
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to a 5% of the load bearing capacity for 4 nails. The nail distance generate a bigger influence, 
going from 0% for 30 mm up to decrease a 15% when the distance is doubled. Lastly, Teflon can 
be seen to increase the effect of the reduced thread, decreasing the capacity from a 15% in short 
nail distances up to a 20% for long nail distances. The total influence of the different parameters 
can be understood to work by the principle of superposition. Figure 26 illustrates the effect and 
Figure 27 shows the approximated quantification of it. 
Regarding the failure mode, little can be said. All the specimens fail in yielding; no relation is 
seen for the pull-in and pull-out failure modes, and no difference is found neither in the number 
of hinges or their position. The only observation is that for the specimens with a long nail 
distance, the yielding in the pointside of the screw is less marked with the reduced thread, as if 
the longer nail distance tended to provoke a different failure mode, c.f. Figure 35. Again, further 
explanation on this combination of 1 and 2 hinges is done in section 5.1.2. 
    
Figure 27: Quantification of the influence of reduced thread to the load bearing capacity per nail of the connection 
depending on the number of nails, nail distance and the use of Teflon. 
5.1.1.3 Teflon 
The use of Teflon is expected to lower the load bearing capacity of the connection due to a 
reduction of the coefficient of friction between the wood members that propitiate a larger slip 
and therefore a bigger deformation of the fasteners, which have to carry the share of the load 
otherwise supported by the wood. Thus, besides the reduction in the failure load it is expected 
to see an evidence of the use of Teflon in the deformation of the fasteners.   
The results, presented in Figure 28, show the expected influence of Teflon and serves to identify, 
in addition, some cross-correlations between parameters: On the one hand, the load bearing 
capacity in screwed connections reduces around 10% with Teflon, regardless the number of nails 
and nail distance. This reduction is increased if the screws have a reduced thread, around an 
extra 10% for short nail distances and 20% for 
long.   
On the other hand, the effect of Teflon doesn’t 
change with different kinds of fasteners or 
yielding moments, and appears to be 
approximately the same for nails, hardened nails 
and screws, with the special case of the specimen 
with 7 non-hardened nails and 40 mm nail 
distance in which a remarkable drop of the load 
bearing capacity occurs.  Figure 28: Effect of the Teflon in the load bearing 
capacity per nail of the connection 
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Regarding the failure mode, no clear difference is observed in the deformation of the fasteners. 
The only remarkable observation is a reduction on the angle of the pointside nail for the 
specimen with 7 nails, 40 mm nail distance and non-hardened nails, for which the failure mode 
can be almost considered to have 1 hinge, as all the hardened nails have; Figure 34. 
5.1.1.4 Type of fastener 
The use of screws in the connection is expected to have only influence in the load bearing 
capacity by an increase of the axial withdrawal strength, fax,k, which is around 1000 times larger 
than for nails; for nails2 it is calculated as 𝑓𝑎𝑥,𝑘 = 20 · 10
−6𝜌𝑘
2 whereas for screws as 𝑓𝑎𝑥,𝑘 =
3.6 · 10−3𝜌𝑘
1.5
, where ρk is the characteristic density of the wood specimen (EN 1995-1-1:2004, 
2004, p. 71 and 78). Moreover, the influence of the withdrawal strength in the calculation of the 
load bearing capacity is limited to a maximum of a 15% of the actual load for round nails (EN 
1995-1-1:2004, 2004, p. 62), increasing the potential difference. The embedment strength is 
supposed to be the same for nails and screws, as it is presented in section 5.2.1, therefore no 
influence can be expected. 
Hence, an increase in the load bearing capacity is clearly expected to be seen. However, a direct 
comparison of the variables cannot be done, for there are no test in which the only changing 
variable is the type of fastener. The influence of this variable is, thus, assessed directly with the 
posterior numerical analysis. 
5.1.1.5 Nail diameter 
The same speculations as the previous variable can be done for the expected effect of the 
diameter, for it participates in the definition of many factors of the equations. A first 
approximation can be done by assuming that the load bearing capacity increases with the 
diameter of the fastener at a power of two, for it increases the area capable of carrying the load. 
Only one direct observation is done from the experiments; only one configuration of the 
specimens is done with both 3.1 mm and 3.4 mm nails, and it reveals that the increase of the 
load bearing capacity is approximately the square of the diameter, as seen in Table 8. 
This variation, though, can be also understood as a consequence of the higher yielding moment 
of the fastener, which, as previously discussed, is expected to influence the load bearing capacity 
to a factor of the square root of its value. A comparison between these two criteria show that 
both approximations give results very close to the experimental ones. One last option is that the 
reduction of the failure load is due to the two factors at the same time; in this case, the influence 
of the nails seems to diminish in comparison to the influence supposed; when combined, a linear 
influence of the nail is found to explain the variation.  
Table 8: Relation between load bearing capacity and nail diameter. Comparison between the effect of the diameter 
and the yielding moment. 
Fastener Load bearing capacity Diameter (mm) Yielding Moment (N·mm) Both variables 
Nail, 3.1 mm 1,748 3,1 3200 - 
Nail, 3.4 mm 2,206 3,4 4400 - 
 (Load3.4/Load3.1) (d3.4/d3.1)^2 (My,3.4/My,3.1)^0.5 (My,3.4/My,3.1)^0.5 · (d3.4/d3.1) 
Variation 1,262 1,203 1,173 1.287 
 
                                                          
2 The formula given for the calculation of the withdrawal strength of nails is valid only for smooth nails with a pointside 
penetration of at least 12d. The characteristic strength for threaded nails has to be found directly by testing, following 
EN 1383 and EN 14358, but the value is expected to be closer to the one presented for smooth nails than to the 
presented for screws.  
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However, no definitive conclusions can be done by the only observation of one pair of 
specimens, for it is a variable related to the others and so more understanding on the behavior 
of this parameter is achieved with the posterior numerical analysis.  
5.1.1.6 Side Thickness 
The side thickness effects the penetration depth of the nail in both part of the specimen and, 
hence, the load bearing capacity of a connection. For a failure mode with 1 hinge, the load 
bearing capacity is supposed to change linearly with the side thickness of the side member 
where the hinge develops, but no influence of it is expected for a 2 hinge failure mode (EN 1995-
1-1:2004, 2004, p. 61) 
For the first time in this discussions, the specimens from Series A are considered. It is therefore 
necessary to specify an observation regarding the data in order to proceed with the discussion: 
the specimen called 15d_33_7_42.5, had a sudden failure due to splitting which evidently 
reduced the load bearing capacity of the connection. In order to identify correctly the influence 
of the side thickness the load from this test is taken out from the discussion. The test 
30d_33_7_42.5 was stopped before reaching the failure load and therefore the load presented 
in the results is not as high as it would have reached. It is also taken out. The curves can be seen 
in section A.10 of the Appendix, and the failure loads in Table 6. 
For all the test specimens, the failure mode obtained has 2 hinges, therefore it is expected to 
find no influence from the side thickness. However, a clear variation is found together with 
evident cross-correlations, c.f. Figure 29: for specimens that have a long row length (in this case 
255 mm) combined with a short end distance, the increment of the side thickness reduces the 
load bearing capacity down to an 85%, whereas with long end distances no effect is observed  
For short row lengths, no clear correlation is seen. 
Regarding a cross-correlation with the nail distance a 
roughly approximation can be done by saying the 
following: for a short nail distance, a large number of 
nails generates a drop of the load bearing capacity of 
each nail with increased side thickness if the end 
distance is small (with no influence of a 
reinforcement); a reduction in the number of nails, 
however, provokes a larger increase of the load 
bearing capacity of each nail for thicker sides. 
Nevertheless, this statement cannot be taken as 
conclusive.   
One last pair of tests is analyzed, with 4 screws, 30 mm of nail distance and two different 
thicknesses. This tests, however, doesn’t provide more information.  
Regarding the failure mode, the side thickness does not seem to affect neither the splitting nor 
the angle of the two hinge points, but it does affect the position of the side hinge, which for the 
higher thickness is displaced a distance approximately equal to the difference between 
thicknesses. The center hinge does not present a clear variation. it can be seen in section A.16 
of the Appendix. 
 
Figure 29: Effect of the side thickness in the 
load bearing capacity per nail of the 
connection 
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5.1.1.7 End distance 
The minimum end distance required in the standard 
is equal to 15 times the diameter of the fastener. 
(EN 1995-1-1:2004, 2004, p. 68) according to 
Johansen’s theory, no influence of the end distance 
is expected as long as the requirements are fulfilled. 
Three main observations can be done:  
First, that the reinforcement seems to significantly 
increase the load bearing capacity only for the case 
with short nail distance and 7 nails regardless of the 
size thickness; second, that for a small thickness, 
reinforcing the end have the same effect as 
increasing the length and so an end distance of 30d will also increase the load only in the case 
of short nail distance and small number of nails; third, that for thicker side thicknesses, a longer 
end distance increases the load bearing capacity in cases of short nail distance, especially with 
fewer nails. It can be seen in Figure 30. 
Then again, this variable is deeply cross-correlated with the others, and so the numerical analysis 
is useful to quantify the influence presented. 
5.1.1.8 Nail distance 
Likewise for the end distance, a minimum nail distance is proposed by the standard of 15 times 
the diameter of the fastener (EN 1995-1-1:2004, 2004, p. 68). This variable is here completely 
related to the number of nails, and it can hardly be studied isolated from cross-correlations. 
An approximation is done by analyzing the specimens in which only the nail distance vary. With 
it, it can be said that a longer nail distance is always beneficial for the load bearing capacity and 
that for a similar percentage of reduction of the nail distance, the decrease of the load bearing 
capacity is bigger the shorter this nail distances gets; for this reason a non-linear relation is 
expected to be found. Unfortunately, such relation cannot be demonstrated by simple 
comparison of the tests, since the tests can only 
be compared in pairs, therefore the numerical 
analysis will serve, also in this case, to shade a 
light on the actual effect of the nail distance. 
It is observed in Figure 31 that the change is 
maximum for the shortest nail distance (19.62 
mm) and that it is a 20% higher when the end 
distance is large or reinforced. Moreover it is 
seen that a thinner side thickness contributes to 
the decrease of the load bearing capacity. There 
is no evident cross-correlation between the nail 
distance and Teflon or Hardened nails, but it is seen with the Reduced thread. As happened with 
the discussion of the effect of the Reduced thread, a particularity is seen when this variable is 
combined with Teflon, and it has to be individually considered. 
One more characteristic effect of the nail distance that is not seen for any other variable is the 
direct influence on the energy of the connection. It appears to be lower for 19.62 mm of nail 
distance than for 42.5 mm, especially with a large number of nails. In section A.10 of the 
Figure 30: Effect of the end distance in the load 
bearing capacity per nail of the connection 
Figure 31: Effect of the nail distance in the load 
bearing capacity per nail of the connection 
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Appendix there is a chart incredibly representative of this fact; in it, all the curves of Series A are 
shown, all drawn in 3 different colors, separating the specimens in 3 big groups, in which one 
can see the influence of the nail distance (as well as the end distance in a specific case) on the 
amount of energy that the connection is capable to store.  
This fact manifests itself in the failure mode by presenting a very small deformation of the nails 
in all the specimens with short nail distance, tending to zero with the increasing number of nails. 
Thus, the slip that connections will be able to support is smaller with a short nail distance, c.f. 
Figure 39. 
5.1.1.9  Number of nails 
The number of nails increases the load bearing capacity of the whole connection as it increases 
the total area capable of carrying load. The relation is, however, not proportional. To calculate 
the influence of the number of nails, the standard proposes the use of the effective number of 
nails, which is function of the nail distance, diminishing the effect of an added nail for smaller 
nail distances. However it is not considered the existence of a peak number of nails after which 
the addition of more, have a relative smaller contribution in the load bearing capacity of the 
connection (EN 1995-1-1:2004, 2004, p. 67). Note that the Standard quantifies the nail distance 
in times the diameter of the fastener whereas in this project it is quantified in mm. 
To analyze this effect, the load per nail of the connection is used. A study of the results obtained 
in the experiment shows in Figure 32 that, as expected by the standard, the increase on the 
number of nails provoke that each individual fastener can carry less load. Especially it can be 
seen, if an assumption is made that the other variables don’t affect in this case, how the nail 
distance is related with this effect by observing the specimens of 7 and 4 nails with 3.1 mm nails, 
screws and 3.4 mm nails. For a nail distance larger than 14·d, the effective number of nails seems 
to match the actual number of nails, as said in the standard. 
 
Figure 32: Effect of the number of nails in the load bearing capacity per nail of the connection 
This variable doesn’t show, however, a characteristic influence on the failure mode. A complete 
evaluation of the behavior of the variable, as well as a quantification of the relation between 
number of nails and nail distance is carried out with the numerical analysis. 
3.1 mm nails 3.4 mm nails Screws 
4/7 7/14 7/14 4/7 4/7 4/7 
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5.1.2 Failure identification and Failure Mode Curves intersections 
In this section, all the information obtained from the analysis of all the variables is combined 
with the information obtained from the failure identification and with it, an approximation on 
the shape of the failure mode curves is done. As it was explained in the introduction and 
repeated in the objectives, these observations only show the behavior of the curves for a very 
specific set of conditions and for a relatively small range of values for each variable. This, 
together with the small number of specimens used for some variables, make impossible to 
pinpoint the position of the intersection between curves; instead, a zone of intersection is 
defined.  
In section 3.3.1.4 the 6 expected criteria to identify the failure modes in the connections were 
presented. Unfortunately, no evident relation of any variable or parameter is found for pulling-
in, therefore, the discussion focuses only on splitting and yielding failures, and a comment is 
made regarding pulling-out. At the end of this chapter, a summarizing table is presented with all 
the information obtained, which will be useful for the posterior numerical analysis. 
Note that all the information regarding the failure identification can be found in the Appendix-
Disc. In it folder A.3.3 contain all the pictures from the nails after the failure identification and 
folder A.2.3 the information of the angles and position of the hinges. The information can be 
complemented with the observations of every experiment. 
5.1.2.1 Yielding Modes 
In the discussion of each variable it has already been presented which ones and under which 
circumstances lead the yielding failure modes to shift. The variables that clearly do so are the 
yielding moment, Teflon in combination with short nail distances and reduced thread in 
combination with long nail distances and Teflon. The possibility that other variables may 
provoke a shift is not denied in this study, but only a relation with these mentioned parameters 
has been found with the experiments realized. 
The primary parameter found to be function of the failure mode curves is the yielding moment. 
Figure 33 shows the consequences of increasing it from 4.4 N·m to 7.5 for all the tested 
connections, disregarding the number of nails and nail distance. This particular figure 
corresponds to the test specimen with 4 nails and 80 mm nail distance; it clearly shows the 
difference in the number of hinges as well as in the angle. 
  
Figure 33: Effect of the yielding moment of the fastener in the failure mode 
In addition, the effect of Teflon can be seen with Figure 34 for the particular case of the test 
specimen with 7 nails and 40 mm nail distance provoking that not only for hardened nails, but 
also now for non-hardened nails, the curves from both modes intersect and present the blending 
Non-hardened nails 
α = 23º  
Hardened nails 
α = 18º  
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between one hinge and two hinges failure modes that was presented in the discussion of the 
variables. The fact that it is difficult to distinguish which failure mode prevails, can be understood 
as a very close position of the failure mode curves.  
               
Figure 34: Effect of Teflon in the failure mode of the specimen 7 with non-hardened 3.4 mm nails and 40 mm of nail 
distance. 
One last influence is seen with Figure 35 of the Teflon in combination with a reduced thread. For 
a long nail distance, the combination of Teflon and reduced thread seems to create an 
intersection of the curves leading, again, to this combination of the failures in the fasteners.  
 
Figure 35: Effect of the Reduced Thread in combination with Teflon on  the failure mode for specimens with long nail 
distance 
Thus, a behavior of the failure mode curves is manifested and can be illustrated as in Figure 36. 
With the illustrations only the behavior of the curves is shown, with no intention to designate a 
value for each particular failure, which cannot be assured by this study. Again it is stressed that 
the behavior of the curves is only true for this very specific combination of variables, and that 
they only represent what is occurring in these experiments.  
TEFLON NO TEFLON 
COMPLETE 
THREAD 
REDUCED 
THREAD 
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Figure 36: Representation of the bahavior of the failure mode curves for an increase of the yielding moment and the 
nail distance 
In Figure 36, a) and b) show the general behavior of the failure mode curves with the yielding 
moment. According both with the standard (EN 1995-1-1:2004, 2004) and with the discussion, 
the 2 hinges failure mode curve increases with the yielding moment at the power of ½ whereas 
the 1 hinge curve mode does it slower, leading to the intersection.  
In a) the curves for the connection with 4 nails and 30 to 60 mm nail distance are shown, and in 
b), the connections with 7 nails and 30 mm nail distance. The principal difference between them 
is the effect of Teflon, that for the second case, leads the non-hardened nails to a 1 hinge failure 
in which the second hinge is starting to develop at the moment of failure, interpreted as a closer 
position of the failure mode curves. In this case 1-hinge and 2-hinges curves are very close, and 
in this case it is shown that the dominant mode is 1 hinge, but the specific position cannot be 
assured.  
In c) the behavior of the curves for reduced thread screws with the variation of the nail distance 
is shown. Taking the curve for the 2 hinges failure mode as a reference, it is shown how the use 
of Teflon reduces the distance between the curves in this range of nail distances, intersecting 
somewhere between 30 and 60 mm. The two curves with Teflon are close to one another for 
long nail distances. 
TRANSITION ZONE 
Finally, one last important observation is done regarding the yielding failure modes. A deeper 
look into the specimens presenting a combination between 1 hinge and 2 hinges failures is done, 
and it is revealed that, for all the cases in which the two curves are really close to one another, 
a characteristic behavior takes places. This characteristic behavior present a rotation of the 
fastener inside the wood that has its inertial center in a different position than for the 1 hinge 
failure mode. 
Figure 37 shows the three different patterns left in the wood: in a) the common shape left in the 
wood for all the specimens failing due to 1 hinge, in which the yielding point generated in the 
side member of the specimen leads the fastener inside the center member to rotate around its 
tip, leaving a triangular shape. In b) the shape left on the specimens with the combination of 
failure modes, in which it is seen that the center of rotation of the nail inside the center member 
has moved down along the nail. In c) the shape for a 2-hinges failure mode. 
  
a) b) c) 
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Figure 37: Comparison of the shape left in the center members by the fasteners in the case of 1 hinge (a), 
combination of 1 hinge and 2 hinges (b) and 2 hinges failure modes (c) 
One possible explanation of this behavior is found in the yielding moment. When a material is 
subjected to deformation, it suffers a hardening process, which increases the yielding moment 
of it. If the failure mode curves are very close, the deformation of the fastener starts as 2-hinge 
failure, for which it might require a lower energy to develop. During the process, however, the 
deformation of the fastener increases the yielding moment, 
displacing the point in the curve far enough to cross the intersection 
between the curves, moment in which the second hinge stops 
developing and the typical 1 hinge rotation of the fastener inside the 
center member starts to develop, in this case not rotating around 
the tip but around the point in which the second hinge developed, 
which might have a better fixation inside the wood. 
The comparison of this hypothesis with the shape left in the test of 
Series B in which such a behavior is expected, Figure 35, shows that 
in the case of screws, the final shape is closer to a 2-hinges failure 
shape, but this fact can be attributed to the higher fixation of the 
threaded part of the screw inside the wood, which would reduce a 
little bit the rotation of the tip. This is shown in Figure 38. 
Hence, these observations leads to state that between 1-hinge and 2-hinges failure mode curves 
there is not an intersection point but a transition zone, in which, in addition, a new behavior of 
the fastener takes place. 
5.1.2.2 Splitting 
In regard to splitting, several correlations with the variables are found. The splitting capacity of 
a connection is a function of the distance of the last fastener to the loaded edge i.e. the end 
distance (EN 1995-1-1:2004, 2004, p. 60). Splitting is normally a consequence of a load applied 
directly in the direction perpendicular to the grain, or at some angle, case in which only the 
perpendicular component of the force cause the split. However, as it is seen with the realization 
of the experiments, a load applied parallel to the grain can also lead to splitting, due to the 
displacement of nails and wood to opposite directions in the interfaces of the specimen (reason 
why the splitting of the sides, if it occurs, it always starts in the surface of the side member in 
contact with the center piece). It is assumed that the diameter of the fastener has a direct 
influence in this fact, however it cannot be assured because all the specimens that failed due to 
splitting use the same fastener. 
a) b) c) 
Figure 38: shape of the 
fastener in the center member 
for the specimen 4_60_RT_T. 
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In the cases with short end distances, one last thing is noticed: it is found that reinforcement 
does not prevent the splitting in the specimens with short nail distance, whereas it does for long 
nail distances. This fact shows that, opposite to what was expected according to the standard, 
at least another variable is related to this phenomena: nail distance. As explained in the 
discussion of this variable, a short nail distance reduces the energy that the nails can absorb 
before failure, manifested as a low deformation, as it can be seen in Figure 39 for the specimens 
of Series A with 7 nails and 39 mm side thickness.  
            
Figure 39: Effect of the nail distance in the deformation of the nails 
This fact explains why for such specimens the failure mode is splitting regardless of the 
reinforcement: short nail distance provokes a higher demand of the wood members, which have 
to carry a bigger share of load; a reinforcement of the screw gives the wood more resistance, 
but eventually the load reaches its new maximum capacity and it, again, fail due to splitting.  
When the end distance is increased, for the specimens with long nail distances, for which 
yielding was already observed for short end distances, the new predominant failure mode 
becomes yielding, but for the specimens with short nail distances, which presented  a very low 
deformation for short end distances, two very distinctive things happen: 
On the one hand, for the case in which there is short number of nails  and 39 mm thickness, the 
splitting loses importance, and yielding becomes predominant (the exact yielding failure mode 
is difficult to predict therefore it can be assumed that the 
two curves are close to one another. Providing that this is 
true, the particular shape presented in Figure 37 should 
be observed, which is proven by Figure 40, reinforcing the 
hypothesis of the existence of this new behavior).  
On the other hand, in the case where there are 14 nails, 
the splitting loses importance, but the hinge modes do 
not appear, and the connection fails without being 
splitting or hinge. This fact tells us that there must be 
another kind of failure mode that has not, yet, been 
considered.  
42.5 mm  19.62 mm  
Figure 40: fastener and shape in the center 
member for the specimen 30d_39_7_19.62. 
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By a first observation of the nail, this failure is attributed 
to embedment; the nails do not deform and the load is 
completely transferred to the wood, which reaches its 
embedment strength leading to failure. To validate this 
idea the failure identification is done and it is seen that 
a broadening of the entering zone of the nail has 
occurred, Figure 41. This is a clear sign of the little 
yielding that, indeed, exists in the nails, but this yielding 
angle does not coincide with the yielding measured in 
the failure identification, being the latter smaller. 
Besides the broadening of the entering zone, this failure 
also presents, in some cases, a little displacement of the 
nails inside the wood that led a shape in the wood wider than the nail diameter. A possible 
explanation for this failure is found with a Microsplitting: 
In the surrounding area of the nails, microcracks are happening starting likewise the normal 
splitting, in the interface with the center member and transmitting along the nail. This unseen 
cracks reduce the fixations of the nails, free them (more in the interface part) and the nails, 
subjected to a very low load, deform elastically, explaining why the wood presents yielding 
angles bigger than the nails.  
The possible existence of this failure mode, arises the idea that two different points of view 
should be taken into account in the study of connections: a general and a local point of view, in 
which this Microsplit should be investigated. However, this factor is clearly related to the 
combination of a large number of nails and a short nail distance, and hence it is probable that 
this locally point of view does not have to be done as long as limiting values for these variables 
are set. 
Another explanation for this fact is to attribute it directly to splitting. In this case, due to the 
close positions of the nails and the long nail distance, the splitting is critical between the nails 
sooner than in the end distance, and therefore the connection looks like having failed due to 
another failure mode. Unfortunately, the investigation of this hypothetical split could not be 
done, because in order to analyze the nails, the wood specimens were opened along the 
direction of the row of nails, place in which this split would have taken place.  
With all this things said, an approximation on the behavior of the failure mode curves can be 
done with Figure 42: In a) it is seen how reinforcing the end distance does not prevent splitting 
for the case of short nail distances whereas a long end distance do prevent it. In b) the specific 
case of the specimen with 7 nails and 39 mm side thickness is presented in which the 
combination of the two yielding failure modes is seen. In c) the specimens with short nail 
distance and 14 nails are represented. In this case it is represented in accordance with the 
microsplitting behavior; if the splitting possibility is correct, the microsplitting curve will not 
appear and the splitting will be lower than the two yielding curves for any given end distance. 
Figure 41: fastener and shape in the center 
member for the specimen 30d_39_14_19.62. 
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Figure 42: Representation of the bahavior of the splitting, yielding and microsplitting failure mode curves for a 
increment of the nail distance and the number of nails. 
5.1.2.3 Pulling-out 
One observation is done in regard to the pulling-out. For all the specimens presenting one hinge 
failure mode, the tips of the nails present a higher quantity of wood stick to their thread. This 
fact can be understood as a higher pulling-out force, that has provoked the fastener to drag 
inside the wood member. This effect is seen in Figure 33 and Figure 34 in comparison with 
specimens failing with two hinges failure mode. Thus, even though no pulling-out was noted 
during the realization of the experiments a correlation between 1 hinge failure mode and pulling 
out can be observed.  
5.1.2.4 Other considerations 
One last observation is done with the failure identification: a verification regarding the 
distribution of the force along the length of the row of fasteners. According to general 
comprehension, the force in the connection is distributed following a parabolic curve; the first 
and last fasteners carry more load than the inner ones, hence they are subjected to more 
deformation. A very good exemplification of this fact is shown in Figure 43 that shows the nails 
of the test 15·d_39_14_19.62 of Series A, in which only the first nail has carried the load  (this 
represents an extreme case, since it has a very small nail distance, that provokes the nails no to 
carry almost any load). However, what can be easily seen by the observation of the pictures, in 
this case is not easily shown by a chart, because even though the general behavior of the nails 
indicate that this distribution of forces was present, the high irregularity of the angles and the 
spontaneous presence of extremely deformed middle row fasteners, make this distribution not 
observable with a graph. This fact can be seen in section A.16 of the Appendix.  
 
Figure 43: Illustration of the distribution of the force along the row length with the specimen 15·d_39_14_19.62 
a) b) c) 
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Finally, an attempt to identify the energy that the connection resists in all the specimens is done, 
for it is considered that probably there is a limit to the maximum energy that the connection can 
resist, which is probably related to the kind of wood. Unfortunately no sign of it has been found 
with this experiments, therefore nothing can be said about this. 
To conclude with this discussion, a summary is done of all the ideas expressed, and it is 
presented in Table 9. This table will be useful for the posterior modeling of the load bearing 
capacity. 
Table 9: Summary of the effects observed both in the load bearing capacity and the failure mode from the nine 
variables considered in this study. 
Variable Load bearing capacity Failure mode 
Hardened nails 
- Varies with the yielding moment at a power of 
½ for 2-hinges failure mode.  
- A little less for 1-hinge failure mode. 
- 5% of increment from 4.4 to 7.5N·m. 
- Intersection of yielding modes 
between 4.4 and 7.5N·m for 
specimens with 4 nails, 30 and 60 
mm of nail distance and for 7 
nails with 30 mm nail distance. 
All of them with and without 
Teflon. 
- Transition zone for specimen 
with 7 nails, 30 mm nail distance 
and Teflon. 
- A relation is seen between one 
hinge failure mode and pulling 
out effect. 
Reduced Thread  
- Reduction of 5% for specimens with 4 nails. 
- Reduction of 15% for specimens with 60 mm 
nail distance. 
- Reduction of 15% for Teflon. 
 
- Transition zone for the 
specimen with 4 screws, reduced 
thread and Teflon.  
Teflon 
- Reduction of 10% in screwed connections. 
- Extra reduction if Reduced Thread: 10% if 
short nail distance and 20% if long. 
- Same effect for 3.4 mm nails than for 
complete threaded screws. 
- Remarkable drop of the specimen with 7 nails 
and 40 mm nail distance. 
- Transition zone of the specimen 
with 7, 40 mm nail distance and 
Teflon. 
Type of fastener 
- Higher in the screws due to higher withdrawal 
capacity. 
- No particular influence. 
Nail diameter 
- Increment proportional to the diameter of the 
fastener. 
- Assumed direct influence to the 
splitting failure mode. 
Side Thickness 
- Reduction of 20% for specimens with long row 
length and short end distance. 
- No clear effect for short row lengths. 
- No influence seen in the range 
from 33 to 39 mm. 
- Pointside hinge displaced 
according with the thickness. 
End distance 
- Increment with the reinforcement in cases of 
short nail distance and small number of nails. 
- Same effect of the reinforcement and large 
end distances for thin specimens.  
- Increment with long end distances for thick 
specimens if short nail distances. 
- Reinforcement do not prevent 
splitting for short nail distances. 
- Longer end distances prevent 
splitting; short nail distances lead 
to yielding and long nail distances 
to micro splitting. 
Nail distance 
- non-linear influence of the nail distance; it 
reduces faster for short lengths. 
- Larger or reinforced end distances reduce the 
effect of nail distance. 
- Thinner sides increment the effect. 
- Reduced threaded screws reduce the effect. 
- The energy storing capacity of 
the fasteners is reduced with a 
shorter nail distance. 
- Influence related with the end 
distance and the number of nails 
Number of nails 
- Non-proportional influence 
- Direct relation with the nail distance 
- Influence related with the end 
and nail distances. 
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5.2 Embedment experiment 
This discussion is done following the criteria presented in the standard by which the fasteners 
used in the experiment can be divided into two different groups, each one with a particular 
behavior and calculation method of its embedment strength. The standard gives the same 
treatment to nails and screws and a different one to dowels.  
Due to the fact that the definition of the embedment strength is limited in this report to an 
extension equal to the diameter of the fastener (core diameter in the case of screws), the results 
of the embedment strength are directly related to the embedment stiffness, thus making 
indispensable the discussion of the stiffness along with the strength. 
The discussion starts by the presentation of the expected results according to the standard’s 
definitions (EN 1995-1-1:2004, 2004), continues by the comparison of these with the 
experimental results, and concludes by identifying possible sources of error and presenting a 
new model according to the experiment. 
Note that all the information regarding the embedment experiment can be consulted in 
Appendix-Disc. In it, folder A.1.4 contains the information of the tests, and the analysis of the 
data can be found inside the spreadsheet “Numerical modeling” in folder A.2.2. The information 
can be complemented with the observations from the tests. 
5.2.1 Expected Results 
The standard (EN 1995-1-1:2004, 2004) proposes the equation (5.1) to calculate the 
characteristic embedment strength for nails with diameters up to 8 mm, with no consideration 
of the angle of the grain or the surface of the fastener, where fh,k is the characteristic embedment 
strength in N/mm2, ρK is the characteristic timber density in kg/m3 and d is the nail diameter in 
mm. 
 𝑓ℎ,𝑘 = 0.082𝜌𝑘𝑑
−0.3 (5.1) 
The same equation is given for smooth shank screws with a diameter up to 6 mm, being d in this 
case the effective diameter of the screw. The effective diameter is defined in (DS-EN 14592-2008, 
2008) for the case of the screw used in this study as the maximum cross-sectional diameter of 
the threaded part. 
The standard proposes a different behavior for the embedment strength of dowels, in this case 
being it affected by the direction of the grain. The specifications for dowels, however, only apply 
for diameters bigger than 6 mm, therefore the medium-size dowel used in the experiment 
should be studied under the same perspective as the nails.  
For dowels with diameters bigger than 6 mm the direction of the grain have an expected effect 
on the embedment strength as shown in equation (5.2) where fh,α,k is the embedment strength 
at a given angle α in N/mm2, the strength at zero degrees is calculated by equation (5.3) and K90 
is calculated with equation (5.4) for the case of LVL. 
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𝑓ℎ,𝛼,𝑘 =
𝑓ℎ,0,𝑘
𝐾90 sin2 𝛼 + cos2 𝛼
 
 
(5.2) 
 𝑓ℎ,0,𝑘 = 0.082(1 − 0.01𝑑)𝜌𝑘     
 
(5.3) 
 𝐾90 = 1.3 + 0.015𝑑 (5.4) 
 
The values obtained with these equations are the characteristic values i.e. the value 
corresponding to the 5%-percentile of the log-Normal distribution of the parameter. In order to 
compare the expected results with the experimental ones, it is necessary to find the expected 
mean value of the embedment strength, for it is the one obtained in the experiments and it will 
not be possible to calculate characteristic values from the results.  
According to (DS/EN 14358, 2007), the characteristic value of a variable is calculated with 
equation (5.5), where fk is the characteristic value, y and sy are the mean value and the standard 
deviation of the logarithmically normally distributed variable and Ks is the 5% percentile 
probability of the distribution, which can be taken as 1.65 for a sample of infinite number of 
tests. 
 𝑓𝑘 = 𝑒
(𝑦−𝑘𝑠·𝑠𝑦) 
(5.5) 
For the calculation of the characteristic density of the tests, the mean value of the density of all 
the specimens (both the ones for the embedment with nails and screws and the ones for the 
embedment with dowels) is used and the value of Ks for a sample of 50 test specimens is taken 
from the standard. The densities of the specimens can be consulted in the section A.18 of the 
Appendix. 
Alternatively, the characteristic value can be calculated with the equation (5.6) with an 
insignificant error respect (5.5), using the mean value of the variable, fm, and the covariance of 
the distribution, COV. For the estimation of the expected mean values of embedment strength, 
a conservative covariance of 0.2 is chosen, hence obtaining the results presented in Table 10 
where Fh,0,m is the mean value of the embedment strength at angle zero. 
 𝑓𝑘 = 𝑓𝑚 · 𝑒
(−𝑘𝑠·𝐶𝑂𝑉) 
(5.6) 
Table 10: Expected embedment strength 
 Diameter (mm) Fh,0,k (N/mm2) Fh,0,m (N/mm2) 
Nails  3.1 27,7 38,5 
Screw 3.1 (core) 24,6 34,2 
Dowel 
5.9 22,8 31,7 
9.9 35,6 49,5 
 
In Figure 44 the expected variation of the characteristic embedment strength with the direction 
of the grain for the 5 different fasteners used is shown. It is appreciated a decrease in the 
embedment strength for nails with the increment of the diameter and higher embedment 
strength for dowels than for nails for the same diameter. Besides, the expected constant 
strength of both nails and screws is seen.  
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Figure 44: Expected variation of characteristic embedment strength with the fiber direction for different fasteners 
 
5.2.2 Experimental Results 
Three principle defining parameters for the embedment of wood are studied in this discussion, 
embedment strength, embedment stiffness, and the length of the proportional part of the 
embedment curve. However, only the first one is considered in the standards, therefore being 
it the only one comparable with the expected results.  
5.2.2.1 Nails and screws 
In the case of 3.1 mm threaded and smooth nails, the embedment strength presents a 
dependence on the angle of the grain, c.f. Figure 45. The highest embedment strength occurs at 
0 degrees, and a parabolic shape is drawn, with its minimum at 45 degrees and a strength at 90 
degrees approximately 10% lower than that at 0 degrees. The observation at 45 degrees for both 
threaded and smooth nails appear to be higher than the expected value to fit this parabolic 
curve, but strange observations at 45 degrees are a constant fact in this experiment, therefore 
the result of these two values are relativized.  
Both curves present a similar behavior in the decrease of the strength with the fiber direction, 
and a slightly different value of the embedment strength, which appears to be approximately a 
10% smaller for smooth nails; Figure 46 shows the embedment strength of the fasteners relative 
to the threaded nail. Besides, the experimental values for the embedment strength at zero 
degrees are almost twice as big as the proposed in the standard; the observation gives a strength 
of 60.6 N/mm2 for the threaded nails whereas the standard gives a strength of 38.5 N/mm2. 
Hence, the experimental results contradict the Standards’ definition of embedment strength for 
the case of nails in three ways: first, the direction of the grain seems to have an effect in nails 
with diameters smaller than 8 mm; second, the pattern in the surface of the nail appears to 
influence the embedment strength; third, the obtained mean values for embedment strength 
at zero degrees is bigger than the proposed values. 
Figure 45 and Figure 46 also present the influence of the grain direction on the embedment 
strength of screws which appears to be none. In this regard, the results coincide with the 
specifications in the standard. Nevertheless, the experimental strength values differ, again for 
the screws, from the proposed ones, being in the experiment 45.4 N/mm2 and 34.2 N/mm2 in 
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the standard. Compared to the threaded nail, the embedment strength for screws also appears 
to be an approximately 10% inferior. 
It is important to stress the consequences of the problem regarding the nail-holder experienced 
during the execution of the test, which implies a reconsideration of the ideas exposed so far in 
this discussion. The probability that the nail-holder and the wood specimen came in contact 
before the limiting deformation of the effective diameter (core diameter for screws) increases 
the higher the angle of the grain gets, therefore being the embedment strength obtained bigger 
than the aimed to find. 
For the case of the nails, the tests started touching the nail holder at 45 degrees of the fiber 
direction and at 30 degrees for screws. Hence, the embedment strength as defined for this study 
might not show the real behavior of embedment strength of wood for high angles of the fiber 
direction, and the parabolic shape obtained after 45 degrees in the case of nails and the constant 
value obtained for screws might not be correct.  
 
Figure 45: Experimental and theoretical embedment strength with nails and screw. 
 
Figure 46: Experimental embedment strength of nails and screw relative to standard nail. 
The embedment stiffness experiences a remarkable variation with the fiber direction in the 
embedment of nails and screws; the effect is shown in Figure 47 and Figure 48. For the three 
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different fasteners, the stiffness decreases the same percentage, being at 90 degrees around 
40% of the stiffness at 0 degrees. Taking the threaded nail as a reference, no difference can be 
appreciated in the shape of the curve for smooth nails, whereas for the screws the stiffness 
appears to decrease more slowly.  
A difference is seen in the absolute value of the stiffness depending on the type of fastener: 
smooth nails present an approximately 10% bigger stiffness than threaded nails, that present 
the same than screws. Regarding the absolute value, it is imperative to bear in mind that the 
embedment stiffness Ke presented here is obtained as a result of using the strain-alike 
parameter Ə, defined as the deformation divided the effective diameter of the fastener. 
The definition of the different parameters of the embedment have led, in the case of the screws, 
to obtain results based in different characteristic diameters. The embedment stiffness has been 
obtained using the effective diameter but both the area and the embedment strength have used 
the smooth shank diameter and therefore it seems adequate to modify the embedment stiffness 
of the screws and calculate it using, also, the smooth shank diameter. 
This normalization give, moreover, a result more suitable for comparison with the nails, for the 
same exact diameter will have been used, and thus, it will be possible to identify the 
approximated effect of the thread of the screws in the embedment of wood. The comparison is 
presented in Figure 47 with a dashed line. The lower stiffness of the wood for the embedment 
of screws is attributable to the little cuts produced by the incision of the thread during the first 
millimeters of deformation at the beginning of the tests.  
It is in this discussion that gains relevance the simplification done for the calculation of the stress 
in the screw tests. Had it been possible to identify the exact moment in which the core of the 
screw started to apply load to the wood specimen, that would have been the moment in which 
the area used to calculate the stress would have been set to zero, and consequently, the value 
for the embedment stiffness for every test would have been a higher. Note that the stiffness 
was the only parameter to which this approximation had an effect. 
The comparison of the variation of the embedment stiffness Ke with the variation of the Young’s 
Modulus E of the LVL shows the existent relation between them, for they follows a similar 
behavior, but a considerably smaller decrease in the case of the first one is observed. This is, 
however, expected due to the fact that for a partial loaded surface, the fibers in the 
perpendicular direction of application of the load will serve as a reinforcement of the cell walls 
subjected to the load, situation that doesn’t take place when the load is applied to all the 
surface, as for the calculation of the stiffness of the material. 
For the estimation of the variation of the Young’s modulus of LVL, the Lekhnitskii’s equation (5.7) 
has been used (H. J. Larsen, 2000), where Eα is the Young’s modulus for a given angle of the fiber 
direction, G is the shear modulus and ν90,0 is the Poisson coefficient of directions 90 and 0 
degrees. The estimation of the curve is presented in Figure 48 and the values for the different 
variables are obtained from section A.1 of the Appendix. 
 𝐸𝛼 =
𝐸0
𝑐𝑜𝑠4𝛼 + (
𝐸0
𝐺 − 2𝜈90,0) 𝑠𝑖𝑛
2𝛼𝑐𝑜𝑠2𝛼 +
𝐸0
𝐸90
𝑠𝑖𝑛4𝛼
 (5.7) 
One last detail is worth mentioning in the discussion of the stiffness: the value corresponding to 
the first test at zero degrees for smooth nails has been dismissed, for it has been considered to 
be an error that was leading to different conclusions regarding the behavior of the stiffness 
SECTION 5 – DISCUSSION 
47 
 
curve. The value can be consulted in the section A.14 of the Appendix. A similar consideration 
could have been taken for the observed higher stiffness of screws at 30 degrees compared to 
the nails, but in this case the three tests realized for that fastener and angle present a similar 
stiffness, therefore ensuring the result and the conclusion stated previously. 
 
Figure 47: Experimental embedment stiffness with nails and screw relative and non-relative to the diameter. 
 
Figure 48: Normalized embedment stiffness with the fiber direction for nails and screw and Young’s modulus. 
The last defining parameter is the length of the proportional part of the embedment curve for 
different angles of fiber direction. With this definition it is possible to describe the embedment 
curve for any given angle. This parameter, defined S, is calculated manually by the observation 
of the curves obtained from the tests as the percentage of the total stress, that behaves 
proportionally.  
For both the threaded and the smooth nails, the curves, c.f. Figure 49, this percentage keeps 
constant for the lower angles, is followed by a linear decrease and finishes with another constant 
part, for the higher angles. For smooth nails, the constant parts are longer than for threaded 
nails and the ratio of decrease bigger. For the screw the results also present a decrease with the 
fiber direction but the curve is not as defined as for the nails. 
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This parameter shows that, not only the stiffness decreases with the fiber direction but also the 
range of stress for which the curve behaves linear. 
 
Figure 49: Percentage of the total embedment stress with nails and screw following a linear behavior  
 
5.2.2.2 Dowels 
Even though the standard doesn’t consider the behavior of the medium-size dowels to be the 
same than thick-size dowels, the analysis of the results show a very clear similarity between both 
thicknesses, thus considering adequate to discuss both fasteners under the same perspective. 
Regarding the embedment strength for these tests, little can be said. The diffuse pattern of 
variation of the curves, together with the fact that only one specimen was tested for angle and 
fastener, makes it difficult to extract information from the experiment. Figure 50 and Figure 51 
present the 4 experimental and the 2 expected curves corresponding the dashed ones to the 
threaded dowels. The first one shows the 6 absolute curves and the second one shows the 
embedment strength of the smooth dowels normalized to that of the threaded dowels. Four 
things are observed: 
First, that the threaded dowels present a higher value of embedment strength than smooth 
dowels for 0 degrees of fiber direction, which seems to be reduced with the fiber direction and 
that the diminishing effect of the smooth pattern is bigger for smaller diameters; second, that 
as it happened with the embedment of nails, the observations at 45 degrees present an 
unexpected value, both for threaded and smooth dowels, that cannot be attributed to any factor 
in particular; third, that the embedment strength at 90 degrees of fiber direction seems to be 
constant regardless of the diameter and surface of the dowel; fourth, that the embedment 
strength at zero degrees doesn’t coincide with the proposal in the standard and neither does 
the consideration of the 5.9 mm dowels to behave as nails. 
In all the Figures presenting the embedment curves for dowels, the reduced names for the 
fasteners are used, c.f. 4.2, the first letter standing for Medium or Thick (5.9 and 9.9 mm of 
diameter respectively) and the second one meaning Smooth or Threaded surface. 
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Figure 50: Experimental and Expected embedment strength variation with the fiber direction with dowel 
 
Figure 51: Embedment strength with smooth dowels normalized to that with threaded dowels 
The embedment stiffness presents a clearer behavior than the strength. Figure 52 and Figure 53 
show the curves for the four fasteners. A higher embedment stiffness and a bigger decrease 
with the fiber direction is seen for threaded dowels. For these, the stiffness at 90 degrees 
corresponds to approximately the 30% of that at 0 degrees while for smooth dowels it 
corresponds to an approximate 60%. 
In a similar procedure than for screws, the embedment stiffness obtained for each dowel is 
normalized to the diameter of the nails. With this normalization, the effect of the diameter of 
the fastener to the embedment stiffness is illustrated. Two things are observed: first, that the 
embedment stiffness increases with the diameter of the fastener, being the screw a particular 
case due to the effect of the thread, and second, that the variation with the fiber direction is the 
same for any fastener, with the exception of the smooth dowels, which decrease half as much 
as the rest of the fasteners. 
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Figure 52: Embedment stiffness for all the different fasteners used in the study normalized to the diameter of the 
nails 
 
Figure 53: Normalized embedment stiffness for all the different fasteners used in the study 
Finally, Figure 54 shows the length of the elastic part of the embedment curve for different 
angles of fiber direction in the case of dowels. In this case the curves can be approximated to a 
linear decrease, but the reliability of the results is, again, subjected to the few number of tests 
realized. 
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Figure 54: Percentage of the total embedment stress with dowels  following a linear behavior 
 
5.2.3 Testing method and failure modes. 
With all the results discussed, the use of the alternative testing method as a substitute of the 
standard testing code for the determination of the embedment strength of wood can be 
assessed. The analysis of the tests shows three principal reasons to state that the proposed 
testing method is not a good substitute of the standard: 
First and most important, that with this method, the embedment strength obtained is bigger 
than the obtained following the standard, therefore reducing the safety of the parameter and 
ultimately the connection. This fact leads to question if the results obtained are a reliable 
measure of the embedment strength or if, in the contrary, some other factor is intervening in 
the test, becoming the results a combination of different properties of wood. 
Second, that due to the problems explained regarding the nail-holder, this method is not 
adequate to test specimens with high angles of fiber direction. Thus, what was meant to be a 
solution for the possible bending of the dowel inherent in the standard’s procedure resulted to 
be only applicable for low angles of fiber direction and limited for extensions smaller to the 
diameter of the fastener. 
Third, that the failure modes presented in the different test specimens lead, again, to question 
the reliability of the test. An analysis of the failure of the specimen is carried out in order to find 
a correlation with the fiber direction, the type of fastener or the size of the specimen. 3 different 
failure modes are observed in the experiment: 
SPLITTING 
 The most common failure mode. Probably consequence of the relation between the dimension 
of the side of the specimen and the dimension of the fastener, a splitting failure is always 
observed in the tests with dowels, and it is less predominant in the embedment of nails and 
screws. This failure mode is seen in Figure 55 showing the failure obtained in the particular case 
of the 9.9 mm, smooth dowel, for 0 degrees of the fiber direction and it is appreciated how the 
splitting follows the direction of the grain with Figure 56, showing the test with the 9.9 mm, 
threaded dowel, for 30º of fiber direction. 
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Figure 55: Splitting of the 9.9 mm, smooth dowel 
specimen for 0 degrees of the fiber direction 
Figure 56: Splitting of the 9.9, threaded dowel 
specimen for 30 degrees of the fiber direction 
The splitting failure follows the direction of the fiber until reaching 90 degrees, case in which the 
failure is not called splitting in the direction of the grain, but Transverse Splitting. Transverse 
splitting is shown in Figure 57, for the 5.9 mm, smooth dowel test, in which it can also be 
appreciated a second type of failure happening with the embedment test: crushing. 
CRUSHING  
Crushing is the collapsing due to compression of the first cell walls in the vertical of application 
of the force, leading to their superposition on top of the cell walls below, generating a 
displacement of the first ones away from the vertical. It can be appreciated in Figure 57 around 
the shape of the dowel. This effect increases along with the angle, clear consequence of the 
decreasing strength of the cell wall structure in tangential and radial direction. Again, this failure 
mode is more easily observed for the dowel specimens than for the nails or screws, because it 
is proportional to the stress applied, but it is present for all the fasteners. 
The case of the 90 degrees is characteristic to this effect for it shows that when the crushing 
exceeds the capacity of the specimen, leads to a transverse splitting of the plies of the LVL. Figure 
58 shows for the specific case of 9.9 mm, smooth dowel, how the two failure modes have 
occurred simultaneously: transverse splitting in the direction of the fibers, and splitting in the 
direction of the plies of the LVL due to excess of crushing. 
        
Figure 57: Transverse splitting and crushing of the 
5.9 mm, smooth dowel specimen for 90 degrees of 
the fiber direction 
Figure 58: Transverse splitting in the direction of the 
plies of 9.9 mm, smooth dowel specimen for 90 
degrees of the fiber direction
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DRAGGING  
With this name is called the last failure mode observed in the embedment tests with dowels. 
Dragging is a type of failure characterized by the splitting of the wood in contact with the 
fastener in many consecutive splitting rows parallel to the fastener. This splitting is provoked by 
bending of this part of the specimen at its turn provoked by the deepening of the fastener inside 
the wood, which pushes the wood around it, as if it was dragged. This effect, could be intuitively 
related to the friction of the dowel with the wood, but no evident difference is observed for the 
smooth and threaded dowels.  
This dragging effect can be seen in all the fasteners, including screws, where the cuts in the wood 
due to the deepening of the thread doesn’t prevent this failure mode to appear, but the effect 
is bigger for thicker diameters. Due to the position of its grain, dragging does not happen in the 
90 degrees nor in the 0 degrees specimens,. The dragging effect is increased with the grain’s 
angle, until 90 degrees, moment in which becomes directly transverse splitting. 
Figure 59 illustrates clearly the dragging effect in the case of 5.9 mm, threaded dowels. This 
specific specimen is a very good example of the three failure modes because they can be 
observed happening simultaneously in Figure 60: Splitting in the fiber direction in the back side, 
crushing of the wood under the dowel, even leading to transverse splitting of the plies in the 
right side of the specimen, and dragging. 
    
Figure 59: Dragging effect of the 5.9 mm, threaded 
dowel specimen for 60 degrees of the fiber direction 
Figure 60: The three simultaneously failure modes of 
the 5.9 mm, threaded dowel specimen for 60 degrees 
of the fiber direction
Taking into account the 3 kinds of failure, reconsideration of some results is done. A clear effect 
of the relation between size of the specimen and size of the dowel is manifested by comparison 
of the specimens tested with nails and screws and the specimens tested with dowels. The second 
ones experience a more evident failure, possibly influencing the outcome of the experiment. 
Nevertheless, a correlation of the type of failure with the different kind of surface that can 
explain the difference of behavior for stiffness of the smooth dowels is not seen, and neither is 
a correlation that explaines the bad results obtained in the majority of the 45 degrees tests.  
Thereby, the proposed testing method does not perform correctly for the determination of the 
embedment strength. Some of the problems related to it could be solved by using bigger 
specimens, but still a solution for the most important problem regarding the nail-holder and the 
high angles of the fiber direction would need to be found. 
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6. Numerical Models   
In this section, all the information obtained in the discussion of this study is used to generate 
numerical models from which to denote the influence of the different variables involved in both 
the load bearing capacity of the connection and the embedment strength of wood.  
Regarding the load bearing capacity of the connections, this numerical method intends to 
provide more information on the effect of the variables than the obtained with the discussion 
of the results. As explained in section 2, the aim of this report is to generate a qualitative model; 
with this purpose, models for the yielding and the splitting failure modes are generated. The 
information obtained in this section will complement the discussion. 
For the embedment experiment the characteristic parameters -embedment strength, stiffness 
and proportional length- are modelled with the ultimate intention of proposing a new 
characteristic curve of embedment to improve the definition of the embedment behavior of 
wood by complementing the characteristic load-embedment curve. 
6.1 Lateral load capacity experiment 
Following the idea presented in the Standard (EN 1995-1-1:2004, 2004, s. 61), the failure mode 
is included in the modeling by the creation of separate equations. The philosophy used is to 
create an individual model for every failure mode to be applicable to any configuration possible 
of nailed and screwed, single shear, timber to timber connections; the load bearing capacity and 
the failure mode of a specific connection will be determined by the lowest value among the 
models. In this study two models will be obtained: the Splitting model and the Yielding model. 
As presented in section 2, the structure of a model is based in the generation of a main 
parameter, and the posterior adjustment by means of K-values, putting special attention on 
avoiding redundancy of variables that would make the model not representative of any distinct 
connection than the tested ones. For the generation of the model, the procedure described in 
the standard (DS/EN 1990:2007, 2007, s. 80) is followed: 
In order to generate the models, the observed values and the estimated values are plot against 
each other, and a regression line is sought. To quantify the degree of adjustment, generally the 
coefficient of determination3 and the residuals4 are used. However, in accordance with the 
standard, an estimation of the coefficient of variation of the errors, Vδ, can be calculated as the 
standard deviation of Δ, defining ∆𝑖= ln (𝛿𝑖), and 𝛿𝑖 =
𝑟𝑒𝑖
𝑏∙𝑟𝑡𝑖
 where δi is the error of observation 
                                                          
3 The coefficient of determination, R2, is a measurement of the degree of adjustment defined as 1 minus 
the relation between the residual sum of squares, SSres, and the total sum of squares, SStot. Its value ranges 
from 0 to 1, the latter being a perfect adjusted correlation. The explained sum of squares is the sum of 
the square difference between each observed point, yi, and the mean value of the observations, , 
whereas the residual sum of squares is the square difference between each observed point and its 
regression value, fi.  
4 The residual of an observed value, is the deviation between the observation and the estimation function 
value.  
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i, rei is the experimental value of the observation i, rti is the theoretical (estimated) value of the 
observation i and b is the value that best fits the slope of 45 degrees of the regression. 
To explain the procedure, the generation of the Splitting model is taken as example. The 
complete procedure followed in this study can be consulted in the Appendix-Disc, inside the 
folder A.2.1. In it, all the analysis carried out for the generation of the models for both splitting 
and yielding will be found. 
6.1.1 Splitting model 
In a first step, the creation of an initial model that quantifies the load bearing capacity of a single 
fastener is done. In this step, all the information gathered from the observation and discussion 
of the experiments is contrasted to decide which parameters influence the connection and how; 
for this purpose Table 9 is used. 
From that, a direct influence of the diameter of the fasteners as well as an increment of the 
failure load with the reinforcement and enlargement of the end distance is expected. However, 
for all the specimens that failed due to splitting, the diameter of the fastener is the same. 
Therefore, although expected to appear in the formula, this variable will simply be included 
inside a constant; the same thing happens for the variables “Type of fastener”, “Teflon”, 
“Reduced thread” and “Hardened nail”. 
Thus, an initial approach to the structure of the model for the calculation of the load bearing 
capacity of a single fastener can be done as: 
 𝐹𝑣,𝑅 = 𝑓0 ∙ 𝐾𝐸𝑛𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∙ 𝐾𝑁𝑎𝑖𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∙ 𝐾𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 
(6.1) 
where Fv,R is the load carrying capacity per shear plane per fastener, f0 is the variable referred as 
b in the standard, to which it can be attributed the information of the diameter (hence, it would 
be expected to see a change of this parameter for different fasteners) and the three K values 
are initially set to 1.   
Once the structure of the model is obtained, the contribution of the dry density to the load 
bearing capacity of the connection is assessed by means of Δ; first the density of the sides, the 
center, and the ratio between these are plot against Δ to identify possible correlations. Second, 
factors are added to the model, by which the effect of the deviation of the density from its mean 
value to the standard deviation of Δ is reduced to its minimum by selecting an adequate 
exponent. In Figure 61 is shown as an example the plot of the side members density against Δ, 
and in equation (6.2) the parameters included in the model to assess this influence. The same 
procedure is done for the moisture content. 
 (
min(𝜌0,𝑠𝑖𝑑𝑒 1, 𝜌0,𝑠𝑖𝑑𝑒 2)
𝜌0,𝑠𝑖𝑑𝑒 𝑚𝑒𝑎𝑛
)
𝐶1
∙ (
𝜌0,𝑐𝑒𝑛𝑡𝑒𝑟
𝜌0,𝑐𝑒𝑛𝑡𝑒𝑟 𝑚𝑒𝑎𝑛
)
𝐶2
· (
max(𝑚𝑐𝑠𝑖𝑑𝑒 1, 𝑚𝑐𝑠𝑖𝑑𝑒 2)
𝑚𝑐𝑠𝑖𝑑𝑒 𝑚𝑒𝑎𝑛
)
𝐶3
∙ (
𝑚𝑐𝑐𝑒𝑛𝑡𝑒𝑟
𝑚𝑐𝑐𝑒𝑛𝑡𝑒𝑟 𝑚𝑒𝑎𝑛
)
𝐶4
 (6.2) 
The influence of the density and moisture content is demonstrated after the analysis of the 
exponents to be almost inexistent. The configuration of C1=-1, C2=1, C3=2 and C4=0 represents 
the best combination of exponents. However this values are completely tied to the experiments, 
and don’t represent any physical behavior; moreover, the reduction obtained with this 
exponents in comparison with null exponents is less than a 4% of the standard deviation of Δ. 
For this study it is decided to accept this error in order to achieve a simpler model in which no 
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effect of the density or the moisture content will 
be accounted. Now, the effect of the variables 
and of the number of nails can be investigated. 
To identify the adequate K-values, the plot of Δ 
against each variable is used. This chart will 
illustrate for every variable, the degree of 
adjustment of the model for a given value of the 
K-value. If a certain K-value is not well adjusted, 
the average deviation of the specimens for 
different values of the variable will differ. The K-
value will be well adjusted when a situation as 
the one presented in Figure 62 is found. In this case, the figure represents a good adjustment of 
the K-value correspondent to the side thickness. (the average Δ for both 33 and 39 mm thickness 
is the same). 
To calculate the load bearing capacity of the 
connection, an effective number of nails is used. 
It is decided to use a similar definition of effective 
number of nails than the presented in the 
standard (EN 1995-1-1:2004, 2004, p. 67), based 
in the raise of the actual number of nails to a 
certain power, Keff. In the standard, however, this 
factor is related to the nail distance whereas in 
this case it will be simplified by isolating it. The 
value of Keff will be the one presenting the least 
standard deviation of the error. To that aim, Δ is 
plot against Keff as shown in Figure 63, indicating a minimum value of the standard deviation of 
Δ for a Keff equal to 0.75.  
When possible, the same procedure as for number of nails is done for the nail distance. The K-
values will be substituted by an exponential relation and the value of this exponent is obtained 
by the minimum Δ variation. Unfortunately in 
this case, only two different nail distances are 
present in the splitting model, making unreliable 
any possible approximation of its effect by 
means of an exponent. In this case, thus, K-
values are used. 
Finally, the model, K values (precision of 0.05) 
and the degree of adjustment are obtained: 
 
 𝐹𝑣,𝑒𝑓𝑓,𝑅 = 𝑛
0.75 · 1,5 ∙ 𝐾𝐸𝑛𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∙ 𝐾𝑁𝑎𝑖𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∙ 𝐾𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 
(6.3) 
 
 
 K-End distance   K-Nail distance   K-Thickness 
15·d 1  19.62 mm 1  33 mm 1 
15·d-R 1.1  42.5 mm 1.65  39 mm 0.9 
30·d 1.15      
Figure 61: Plot side density against DELTA to find 
possible correlations 
Figure 62: Plot DELTA against Side Thickness 
Figure 63: Plot of DELTA against Keff, showing the 
adequate value to obtain minimum deviation. 
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R2 = 94.3 % St.dev of Δ = 6.97 % 
Before extracting any conclusion from the model, two more verifications need to be done:  
In the discussion, it was stated that the influence of the side thickness was greater for the 
specimens with long row length and short end distances than for short row length, whereas in 
this section, an homogeneous influence of this variable is used. If the K-thickness is modified, a 
comparison can be done to see if the complication of the model by introducing a new parameter 
(row length), implicates a high degree of improvement or if, in the contrary, the model can 
remain simplified. 
Therefore, a new model is generated in which K-thickness for 39 mm has two values 
corresponding to different row lengths. After adjusting the model, the result is: 
 K-End distance   K-Nail distance    K-Thickness 
15·d 1  19.62 mm 1  33 mm  1 
15·d-R 1.15  42.5 mm 1.75  39 mm Long row  1 
30·d 1.25     Short row 0.85 
 
R2 = 94.8 % St.dev of Δ = 5.63 % 
This value would indicate that the adjustment is better if the side thickness is taken into account 
together with the row length. However, the observations in the discussion show that the 
reduction due to the row length is greater when it is long, and irrelevant when it is short, exactly 
the opposite as shown in this numerical model. Hence, the improvement of the model can be 
attributed to a redundancy of variables, for all the variables had to be modified to adjust this 
new model, rather than to a better adjustment of the regression. Thus, it is decided to keep the 
model simple. 
The second verification is in regard of microsplitting. As it was explained in the discussion, two 
reasonable explanations were found for the failure mode of the specimens with large number 
of nails and short nail distance; One was microsplitting while the other was simply spitting taking 
place between the nails. Providing the certainty of this second possibility, the two specimens 
presenting this failure would fit the Splitting model. 
With the addition of the two microsplitting specimens, the model presents the same K-values, a 
lower R2 = 93.8% but an also lower St.dev = 6.87%. This fact leads to state that there is a higher 
probability that what was considered microsplitting, is simply splitting. However, the reduced 
number of specimens suffering this failure deems irresponsible to assure such statement. 
With this numerical model, hence, a positive influence of the reinforcement and the 
enlargement  of the end distance (especially because only one specimen with long end distance 
failed due to splitting) is proven, the existence of an influence of the side thickness is assured, 
and the effect of the nail distance is demonstrated. Moreover, evidence is given that contradicts 
the hypothesis of microsplitting. 
6.1.2 Yielding Model 
In this study a simplification is done in regard to the yielding models. It is aimed to generate a 
model that works for both one and two hinges failure modes, so as to simplify the procedure. 
With it, a perfect approach to the generation of a realistic model is not achieved, but the 
outcome is significant enough to extract reliable information. 
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For the generation of the model the same exact procedure explained for the splitting model is 
followed. A first structure of the model is decided using Table 9 and thereafter the effect of the 
dry density and moisture content are assessed and deemed insignificant.  
In this case, the model has the structure presented in equation (6.4), with the K values: end 
distance, side thickness, nail distance, type of fastener, Teflon, Reduced thread and Hardened 
nail. 
 𝐹𝑣,𝑒𝑓𝑓,𝑅 = 𝑛𝑒𝑓𝑓 · 𝑓1 · 𝑀𝑦
0.5 · 𝑑𝑎 ·  ∏ 𝐾𝑣𝑎𝑙𝑢𝑒 
(6.4) 
According to the discussion, the effect of the yielding moment is expected to be at the power of 
½ for two hinges failure mode and somewhat less for 1 hinge failure mode. To adjust this 
parameter, in addition to the yielding moment, a K value corresponding to the hardened nails is 
applied, because it is for the hardened nails that the connections presented 1 hinge failure 
mode. Thus, maintaining as 1 the K-value for non-hardened nails, the reduction of the effect of 
the yielding moment for 1 hinge failure mode in comparison with 2 hinges failure mode can be 
assessed.  
The analysis of the effect of the type of fastener merges with the analysis of the diameter. A first 
evaluation of the results show that the load bearing capacity is not strictly proportional to the 
diameter, therefore in order to quantify this relation, a criteria is decided: it is established the 
influence of the diameter to be exponential, raised to an unknown value. From the comparison 
of the experiments between 3.1 and 3.4 mm nails, a K-value for the latters is obtained, and from 
it, the value of the exponent a in the equation (6.4). With this, the effect of the different effective 
diameters of nails and screws is explained and the remaining difference between them can be 
attributed to the type of fastener.  
For the number of nails, an effective number is used. Likewise the splitting model the exponent 
is chosen according to the minimum standard deviation of Δ. In this case, the effect of the nail 
distance is studied by a K-value, and after the adjustment, an exponential relation is sought. 
With all this things established, the best adjustment of the model is found. It is presented with 
equation (6.5): 
 𝐹𝑣,𝑒𝑓𝑓,𝑅 = 𝑛
0.85 · 0.33 · 𝑀𝑦
0.5 · 𝑑1.1 ·  ∏ 𝐾𝑣𝑎𝑙𝑢𝑒 
(6.5) 
 
 K-End distance   K-Thickness   K-Nail distance 
15·d 1  33 mm 1  19.62 0.8 
21.74·d 1.05  39 mm 0.95  30 0.6 
15·dR 1.1    40 0.8 
30·d 1.1    42.5 1 
     60 0.75 
     80 0.85 
 
 K-Fastener   K-Teflon   K-Thread   K-Hardened 
Nail 1  No 1  Complete 1  No 0 
Screw 1.2  Yes 0.8  Reduced 0.85  Yes 0.85 
 
R2 = 90.4 % St.dev of Δ = 8.19 % 
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From this result several things are observed: for one hinge failure mode, the reduced effect of 
the yielding moment is now quantified to be a 15%. Regarding the nail diameter, following the 
criteria established, a K-value of 1.15 is obtained for the 3.4 mm nails. From this, the exponent 
is calculated, being the result presented in the equation. Consequently, the effect of the screw 
can be quantified. In that step of the adjustment the load bearing capacity of connections with 
screws is presented to be 30% higher than with nails.  
This quantification, however, leads to different behaviors of the end distance for connections 
with nails and connections with screws. A linear effect of the end distance is expected, therefore 
the same procedure of adjustment than for the nail diameter is followed for the end distance: 
Maintaining as 1 the K-value for 15·d end distance, a value of 1.1 is found for 30·d end distance. 
Interpolating the values, a K-value of 1.05 can be set for the end distance 20.74·d, corresponding 
to the screw connections. Thus, the effect of the type of fastener are readjusted, and the new 
values are the ones presented in the model (6.5). Hence, the load bearing capacity appears to 
be about a 20% higher for screwed connections than for nailed.  
For the rest of the variables, the effect of reducing the withdrawal strength, by reducing the 
thread, provokes an average decrease of 15% of the failure load, the effect of the side thickness 
is almost inexistent and the effect of Teflon can be considered constant, opposite to what was 
observed in the discussion of the study.  
Finally, with the analysis of the nail distance one observation is done: With the adjusted model 
(6.5), the effect of the nail distance does not follow a natural behavior. It is expected that the 
increase of the nail distance increases the load bearing capacity until reaching a reference nail 
distance for which the peak load bearing capacity per nail will be obtained, and to decrease for 
longer nail distances. However, both nail distances used in the specimens with screws do not fit 
this expected smooth behavior. Hence, the same procedure done before for the nail diameter 
and the end distance is done in this case, for the nail distance. 
The modification of the K-values for 30 and 60 mm nail distance is done attempting to generate 
a smooth variation of the K-values for the different nail distances. The result, do not differ from 
the model presented in (6.5), and in addition presents a completely different effect of the use 
of screws. The final model and the different K-values are presented with equation (6.6):  
 𝐹𝑣,𝑒𝑓𝑓,𝑅 = 𝑛
0.85 · 0.33 · 𝑀𝑦
0.5 · 𝑑1.1 ·  ∏ 𝐾𝑣𝑎𝑙𝑢𝑒 (6.6) 
 
 
 
 
 
 
R2 = 89.5 % St.dev of Δ = 8.23 % 
A representation of the effect of the nail distance is seen with Figure 64. Finally, some more 
ideas can be extracted from the numerical model to complement the discussion of section 5.1.1: 
 K-Fastener   K-Nail distance 
Nail 1  19.62 0.75 
Screw 0.9  30 0.8 
  40 0.8 
  42.5 0.95 
  60 1 
  80 0.85 
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The effect of the reduced thread, which during 
the discussion was related to the number of nails, 
nail distance and Teflon, can be simplified to 
provoke a constant decrease of the failure load. 
The effect of the screws is contradictory whit the 
expectations; it was considered to increase the 
load bearing capacity due to a higher withdrawal 
strength, but a reduction of 10% is seen with the 
model. The effect of the side thickness is 
inexistent in this case, which leads to state that 
the side thickness is only important for the 
splitting failure mode.  
6.2 Embedment experiment 
The determination of a numerical model that explains the embedment behavior of wood is 
limited in this study to only consider nails. The discard of the dowels and with them the attempt 
to obtain a broad model in which different kind of fasteners and a big range of diameters is 
represented, is decided due to a lack of enough embedment tests; the number of tests realized 
together with the high variability of the results deem this attempt to be unfruitful, for it would 
have a very low degree of accuracy.  
Regarding the embedment with screws, due to all the simplifications used during the experiment 
as well as the utilization of two different diameters for the definition of the different 
embedment variables, c.f. 5.2.2.1, the generation of a numerical model that fits the observations 
is not representative of the real effect of screws in the embedment of wood. 
The most important consequence of this decision is the impossibility to fully relate all the 
embedment variables, strength, stiffness and length of proportionality, to the diameter of the 
fastener, because both nails have the same diameter, nor to the effect of the thread of the 
screw. 
In the same line as the models proposed in the standard (EN 1995-1-1:2004, 2004), a value for 
the parameter corresponding to zero degrees of fiber direction is defined, the effect of the fiber 
direction is added later to it and finally the effect of the type of surface roughness is represented 
by a K-value. In the embedment experiment no relation between the embedment parameters 
and the type of failure is observed, and so this factor is not included in the models. The adjusted 
curves can be consulted in comparison with the respective experimental data in the section A.19 
of the Appendix. Note that the angle in all the equations is expressed in radians. 
The study of the embedment parameters lead to the presentation of the three following models 
with equations (6.7) to (6.11): 
 
Embedment Strength, f(h,α,m)  
 𝑓ℎ,𝛼,𝑚 = 13𝛼
2 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
2 − 23𝛼 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
4 + 𝑓ℎ,0,𝑚 
(6.7) 
 𝑓ℎ,0,𝑚 = 59 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
1.4 (6.8) 
Figure 64: Effect of the nail distance in the 
load bearing capacity of connections 
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The model follows the parabolic curve of the embedment strength observed in the discussion. 
It is constituted by a parameter of strength for 0 degrees of fiber direction, fh,0,m, the angle of 
the fiber direction and a K-value for the kind of surface. Regarding fh,0,m, due to the fact that the 
same density and diameter is used for both type of nails, it is presented as a constant. However 
it is expected a variation on the value of fh,0,m with the variation of these two parameters. 
Unfortunately in this report, fh,0,m is always represented by a constant, and the effect of the 
density and diameter is not taken into account. 
Regarding the constants accompanying α, their variation affect substantially to the curve. The 
effect of the surface is observed both in the absolute value and in the shape of the curve, 
therefore it is expected to be affecting every factor of the model. The value of K-surface is: 
 K-surface 
Threaded nail 1 
Smooth nail 0.9 
 
 
Embedment Stiffness, Kα 
 𝐾𝛼 = 𝐾0 · 𝑒
−1.75·𝛼·𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 90 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒 · sin 𝛼 
(6.9) 
 𝐾0 = 282 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
1.4 
(6.10) 
 
For this parameter, an exponential curve is followed with the increment of the fiber direction. 
Again, a value for the embedment stiffness of wood for 0 degrees of fiber direction is found, and 
factors dependent on the angle are added. The parameters intervening in the formula are the 
same as for the embedment strength.  
It is attempted to generate a stiffer model for smooth nails that decreases faster than for 
threaded nails. For this reason Ksmooth  is set higher than Kthreaded and added both in the K0 and in 
the exponential factor. In addition the decrease needs to be reduced for high angles, for what 
the last factor of Kα will be used. The k-vales are: 
 K-surface 
Threaded nail 1 
Smooth nail 1.2 
 
Proportional length, Sα 
 𝑆𝛼 =
64
1.6 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
0.7 sin 𝛼(2·𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒) + 1
 (6.11) 
For this adjustment it is observed that the curve follows a pattern resembling the curve 
proposed in the standard for the embedment strength with dowels; hence, a similar approach 
is used. In this case, however, no influence is expected from the surface of the nail for the 
proportional length for zero degrees of fiber direction, therefore S0 is substituted for a constant. 
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 K-surface 
Threaded nail 1 
Smooth nail 2 
 
These models explain the results obtained for the embedment tests from zero to 90 degrees of 
the fiber direction. However, it was previously revealed in this report that some difficulties were 
encountered for tests with a fiber direction bigger than 30 degrees and even for 30 degrees in 
the case of screws, and that the values obtained cannot be considered to be completely reliable. 
Thus, the models presented might be a good approximation to the data from this study, but not 
a good approximation to the actual embedment behavior of wood. For this reason another 
reduction of the data aimed to be represented by the models is done, and more accurate models 
are made. 
The model of the embedment stiffness is already considered reliable, for it is calculated using a 
part of the curve independent to the limit imposed of 1 diameter displacement. Therefore only 
the embedment strength and the proportional length S are readjusted and presented with 
equations (6.12) to (6.14): 
 Embedment Strength for fiber direction up to 30 degrees, f (h,α,m) 
 𝑓ℎ,𝛼,𝑚 = 𝑓ℎ,0,𝑚 · 𝑒
(−0.4·𝛼·𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒) (6.12) 
 𝑓ℎ,0,𝑚 = 60 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒 
(6.13) 
 
In this case the shape of the curve changes from a parabola to an exponential curve with the 
omission of the high angles, because the parabola shape is deemed attributed to the problems 
with the nail-holder. A linear curve could be adjusted to the observations, but a reduction on 
the variation of the embedment strength is considered more likely for higher angles than a 
constant decrease. The comparison between the two proposed adjustments for the embedment 
strength for the 30 first degrees of fiber direction can be consulted in section A.19 of the 
Appendix. 
First is calculated the embedment strength for zero degrees of fiber direction, and after the 
exponential factor dependent on the angle is added. The value of the K-surface is: 
 K-surface 
Threaded nail 1 
Smooth nail 0.9 
 
Proportional length, S for fiber direction up to 30 degrees, Sα 
 𝑆𝛼 =
64
2.2 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
−0.7 · sin 𝛼2 + cos 𝛼2
 (6.14) 
In this case, the adjustment of the curves is appreciably better, c.f. Appendix A.19 for the model 
up to 30 degrees than the complete model. In this case, the biggest difference is the contribution 
of the cosine in the denominator.  
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DEFINITION OF EMBEDMENT. LOAD-EMBEDMENT AND STRESS-EMBEDMENT CURVES 
With the models for the three variables presented, a first attempt to improve the definition of 
the embedment strength in wood is done. The Johansen’s simplified load-embedment 
characteristic curve, defines the embedment of wood to behave following a rigid-plastic curve 
(H.J. Blass, 1995) from which the embedment strength can be deducted as the maximum force 
applied divided its area of application. In this report, the influence of the fiber direction and the 
surface of the fastener is used to generate a new model to complement the current definition 
of embedment. 
A first attempt is realized by creating a stress-embedment curve in which the introduction of the 
embedment stiffness creates a perfect elastic-plastic curve dependent on the angle of the fiber 
direction.  
To such objective, two models are created. The first one, presented in Figure 65 with a dashed 
line, is a two-segments-model in which the plastic part starts when the experimental curve 
deviates 10% of the elastic curve. The limit to 10% of the deviation is decided to ensure the 
reliability of a perfect elastic-plastic model. For the second model, in a smooth line in the Figure, 
the plastic part starts for a stress equal to the 80% of the maximum stress. This limit is decided 
to provide a degree of safety in the definition of embedment. The  values for all the models can 
be consulted in the section A.20 of the Appendix. 
 
Figure 65: Representation of the embedment models for threaded nail and 0 degrees of fiber direction 
The comparison between the two models for 0 degrees of the fiber direction show a very good 
approximation of a perfect elastic-plastic curve for the embedment of wood with the limiting 
criteria imposed. Nevertheless the two models evolve to be highly distant for bigger angles of 
fiber direction, as it is seen in section A.20 of the Appendix with the example for a threaded nails 
with 30 degrees of fiber direction. The stiffness and especially the proportional length decrease 
faster than the embedment strength, giving the curve a long space in which it doesn’t behave 
proportionally but has still a very low stress to consider it the maximum.  
Thus, it seems adequate to try to adjust the curve to a three segments-model, dependent on 
the three parameters studied: strength, stiffness and proportional length. 
For this model, it is only necessary to place two specific points in the plane: the first one, Point 
A, is the point in which the proportional part ends; this point will be function of the embedment 
KINETICS OF MECHANICAL CONNECTIONS IN WOOD STRUCTURES 
64 
 
stiffness, the strength and the proportional length. The second, Point B, is the beginning of the 
plastic part of the curve, which is a function of the embedment strength.  
In order to represent correctly the position of this second point, it becomes necessary to take 
into account one parameter considered irrelevant until now, the displacement at maximum 
stress, which is referred as ℓα. Figure 66 shows the extension at a maximum stress for the 
threaded and smooth nails, and the adjusted model. A proportional behavior for smooth and 
threaded nails is observed.  
Extension at maximum stress, ℓα  
 ℓ𝛼 = 9𝛼
2 − 3𝛼 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑆0 
(6.15) 
 𝑆0 = 1.6 · 𝐾𝑠𝑢𝑟𝑓𝑎𝑐𝑒 
(6.16) 
 
 
 K-surface 
Threaded nail 1 
Smooth nail 0.55 
 
A parabolic curve is followed, with the smooth nail being approximately 50% inferior than the 
threaded nails for zero degrees. Likewise done for the other variables, a value for zero degrees 
is calculated to which the angle effect is added. It is imperative to note that the extension at 
maximum stress, ℓα, is expressed in mm, and that in order to obtain the strain-alike variable Ə 
defined for this study the extension must be divided by the diameter of the fastener, in this case 
3.1 mm.  
The model, therefore, presents a straight line with a slope equal to the Stiffness from the origin 
to Point A, a straight horizontal line starting at Point B, and a third straight segment connecting 
the two points. The definition of the characteristic points of the stress-embedment curve is:  
 
 
Figure 66: Extension at maximum stress for threaded and smooth nails for fiber direction up to 30 degrees and 
adjustment of the curves 
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Points A and B 
𝐴𝛼 = (𝑥, 𝑦) = (
𝑓𝛼 · 𝑆𝛼
𝐾𝛼
, 𝑓𝛼 · 𝑆𝛼) 
𝐵𝛼 = (𝑥, 𝑦) = (
ℓ𝛼
Ø
, 𝑓𝛼) 
Finally, Figure 67 presents the stress-embedment curve according to the 3-segments model 
presented and the criteria established for this study; it shows the distribution of the curves and 
their behavior with the angle of the fiber direction. Figure 68 shows the characteristic points for 
both threaded and smooth surfaces in which it can be intuitively appreciated the effect of the 
surface of the fastener in the embedment behavior of wood; and Figure 69 shows two 
experimental curves (dashed) in comparison with the curves from the model to demonstrate 
the adjustment. The 3-segments model curves for smooth nails can be found in section A.21 in 
the Appendix. 
 
Figure 67: Representation of the adjustment of the three-segments model for the load-embedment curve 
 
Figure 68: Representation of the variation of the characteristic load-embedment points of the 3-segments model 
with the fiber direction up to 30 degrees 
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Figure 69: Comparison of the experimental curves with the 3-segments model curves. 
From this comparison, an observation is done: the three segments model could be further 
improved by allowing the first segment to be larger and the third segment to start for lower 
values of Ə. This way, the middle segment would present a better adjustment to the curves.  
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7. Conclusions 
 
This report aimed to contribute to the improvement of Eurocode-5 by analyzing both the effect 
of different variables in the load bearing capacity of nailed and screwed, single shear, timber-to-
timber connections and the effect of the fiber direction on the embedment strength of wood. 
With the lateral load capacity experiment, 9 different variables have been studied. The 
discussion has been complemented with a numerical model and the characteristic behaviors of 
the failure mode curves have been identified in an attempt to describe the kinetics of mechanical 
connections in wood structures. In this regard, the following conclusions can be stated: 
Variables 
 The yielding moment affects at the power of ½ the load bearing capacity of a single fastener 
for a two hinges failure load and an approximately 15% less for one hinge failure mode 
 A reduced thread of the screw decreases the rope effect of the fastener contributing to the 
reduction of the load bearing capacity of the connection with no evident effect on the failure 
mode. 
 Teflon reduces the load bearing capacity of the connection due to a reduction of the friction 
and therefore due to transmitting higher forces to the nails. The effect of the Teflon can be 
considered constant for all the connections. 
 For a constant value of all the other variables, screwed connections present a lower load 
bearing capacity than nail connections. 
 The effect of the diameter on the load bearing capacity of a fastener is bigger than linear. 
The effect can be approximated to be the diameter at the power of 1.1. 
 The side thickness is fully related with the splitting failure mode; the splitting capacity 
increases with increases in the thickness. In the contrary, its effect on the yielding failure 
mode is almost irrelevant. 
 The end distance is directly related to the splitting capacity of the connection, being it higher 
for long nail distances. The reinforcement, also, provides a higher splitting capacity of the 
connection. For the yielding failure modes, the effect of the end distance can be 
approximated to be linear. 
 There exist a peak of nail distance for which the connection will present the highest load 
bearing capacity. The deviation from this peak distance provokes a non-proportional 
reduction of the load bearing capacity of the connection. Moreover, nail distance has a direct 
influence in the energy storing capacity of the connection; short nail distances present a low 
energy capacity that lead to a low deformation of the fasteners, eventually causing the 
splitting of the connection, especially in the case of large number of nails. 
 The number of nails in a connection does not provide a proportional influence in the load 
bearing capacity. An effective number of nails not related with the nail distance can be used 
to calculate the effect 
 A particular behavior of the connection is seen with the combination of Teflon and Reduced 
thread, which should be studied. 
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Failure mode 
 Regarding the yielding failure mode, a direct influence of the yielding moment of the fastener 
is seen. An increase of the yielding moment leads to an intersection between the two hinges 
and the one hinge failure mode curves.  
 A transition zone between one hinge and two hinges failure modes can be defined in relation 
with the yielding moment in which the connection presents a characteristic behavior, 
combination of both modes. 
 For combinations of short nail distances and long end distances the splitting failure is more 
likely to happen in between the nails than in the end distance. 
 
In this study, the effect of the fiber direction on the embedment strength of wood has been 
studied. With the experiment realized, not only the fiber direction but also the characteristics of 
the fastener used such as the diameter and the surface roughness have been analyzed, a new 
testing method has been tried and a complementary definition of embedment has been 
proposed. In this regard, the following conclusions can be stated: 
Embedment strength 
 The fiber direction presents an influence on the embedment strength of wood for nails with 
diameters smaller than 6 mm, which contradicts the standard specifications. For zero degrees 
of fiber direction the strength is maximum and it reduces with the increase of the angle until 
30 degrees. Nothing can be assured for higher angles.  
 The fiber direction presents no influence on the embedment strength of wood for screws 
with effective diameters smaller than 6 mm. Coinciding with the standard’s specifications the 
difference between embedment strength with nails and screws can be calculated for zero 
degrees of fiber direction using the same equation. 
 The behavior of the embedment strength of wood with dowels matches the definition of the 
standard. The same behavior is seen for 9.9 mm dowels and 5.9 mm. Hence, the limitation 
of the standard for this behavior to take place for dowels with diameters bigger than 6 mm 
seems to be too strict. 
 The surface roughness have an influence on the embedment strength for fiber directions up 
to 30 degrees. Both for nails and dowels the embedment strength is higher with threaded 
fasteners. Nothing can be assured for higher angles of the fiber direction. 
 The influence of the diameter in the embedment strength of wood with dowels is bigger than 
the one presented in the standard. 
Embedment stiffness 
 The fiber direction presents an influence to the embedment stiffness of wood. For zero 
degrees of fiber direction it is maximum and it decreases down to a 40% disregarding the 
type of fastener, surface or diameter. The embedment stiffness is higher for higher diameters 
and for smooth surfaces. For screws a substantial reduction is seen due to the incision of the 
thread in the wood. 
Proportional length 
 The proportional length of the stress-extension curve decreases with the fiber direction. 
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Testing Method 
 The testing method proposed in this study is not a good alternative to the standard’s method, 
for it does not allow testing for high angles of the fiber direction. Moreover, strange results 
are obtained for 45 degrees of fiber direction. Splitting, crushing and dragging failure modes 
are present in the tests, being the increase of the relation between the area of the specimen 
and diameter of the fastener a solution for the first one. 
Definition of embedment strength 
 The definition of the embedment strength of the wood can be improved by using a stress-
embedment curve to complement the load-embedment curve in which the diameter and 
surface roughness of the fastener, the stiffness and the proportional length are considered.  
 With the variables embedment stiffness Ke, embedment stress fh, proportional length S and 
extension at maximum stress ℓ, a 3-segments model of stress-embedment curve is fully 
defined. 
 For angles up to 30 degrees, the 3-segments model could be improved by defining a higher 
value of the proportional length and a lower value of extension at maximum strength. This 
way the second segment of the curve would be better adjusted to the observations.  
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A.1 Design values and physical properties for Kerto products 
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A.2 Observations lateral load capacity experiment, Series A 
 The last step of the test was selected as ratio 1.5mm/min due to the study of the expected 
curve of Test 2, which is the first test in which the standard procedure was used. After the 
adaptation of this ratio, all the tests have been done using the same ratio, so as to be able 
to compare the curves to the others. The selection of this ratio has been proven as a very 
good approximation for test number 2, as no jump or deviation is visible in the curves 
obtained. The ratio, though, will cause some estrange gaps when reaching the 70% of the 
failure load (change of test stage) in some of the tests. For all the tests: Last step in the 
profile = extension controlled. 1.5 mm/min 
 For test number 3 and 6 the reinforcement screw is this: screw 3.5 50/35 (this way the 
threaded part is in both sides of the nail row; 20 cm in the side were we screw and 15 cm 
in the other side of the split) and is screwed the closest possible to the nail number one of 
each side. Also, in these two tests, only the side parts of the specimen had a reinforcement 
screw. This caused the splitting of the center piece in Test 6. The position and the type of 
screw has been discussed with the supervisors after these 2 tests were already done and 
has been decided to change it. For the other tests with reinforcement screw (tests multiple 
of 3 starting by 9) the screw and the position will be: screw 3.5 50/35, from one to two cm 
(1.5 cm used so it is nailes ad 31,5 mm from the edge) from the first nail and the three parts 
of the specimen will have a reinforcement screw. 
 The nail closest to the end distance of the side parts is referred as nail number 1. 
 In many specimens there are holes of approximately 1 to 2 layers of LVL. This is a 
consequence of the nailing process. The nail gun was not working properly (most likely due 
to human, therefore mine, error) The From time to time, and in some specimens this 
happened very often, the nail gun instead of shooting a nail, shot only air, completely 
destroying from 1 to 2 layers of LVL in the position approximately half to one centimeter 
from the point where the nail should have been nailed. On average the hole produced in 
these situations has a rectangular shape of 1 cm of width and half centimeter of length 
(length is considered as the direction of the row of nails). Thus, in most cases, the position 
of the hole still allowed us to nail exactly in the position where the nail should go, but of 
course, now, the nail would be placed next this hole. In other cases, the position of this hole 
is close enough and/or the length is big enough to affect the nail point and so in this cases 
the nail will be shot in the hole and therefore it will be nailed 1 to 2 LVL layers deeper than 
initially intended. We can refer to this type of holes as “hole 1”. (SEE PICTURE OF TEST 1 
 Some times another kind of hole is obtained; a rectangular of 1 cm of width and 3 mm of 
length. It is also located next to the nailing point, but not on it. In the majority of the cases, 
the nail shot after this hole is gotten creates the splitting of the first one or two layers of LVL 
in the vicinity of the hole. We can refer to this type of holes as “hole 2”. (SEE PICTURE OF 
TEST 2). Probably the “hole 1” is a consequence of low strength/density of the first layers in 
the side part; the nail gun creates always a hole 2 but if the LVL is not strong enough it ends 
being a hole 1. So basically hole 1 is hole 2 with the first LVL layer broken around the 
rectangular hole. 
 Some of the holes are somewhat in between this two categories. (maybe separating the 
holes in this two categories is not efficient). 
 Sometimes the nail penetrates a layer of LVL when shot. This, in terms of consequences and 
behavior of the nail in the join can be assimilated with the holes as it creates more or less 
the same shape at the vicinities of the hole. Probably, this deeper penetrations as well as 
the creation of holes type 1 instead of holes type 2 are due to a locally decrease of the 
density and strength of the LVL layer. 
 For all the tests: Last step in the profile = extension controlled. 1.5 mm/min 
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 One idea why we shouldn’t put the reinforcement screw so close to the first nail is that when 
the nail yields and bends, it might touch the reinforcement screw and it will affect the shape 
it takes and the force it bears. 
 If we kept 0,2 Fload increase per minut, then we would have gotten to the failure load in 1,5 
minuts, and the standard says that we have to get there from 3 to 5 minutes. 
 The name of the specimen is composed as follows: 
Xd/X/X/X 
Xd = End distance: can be 15d, 30d, or 15d R. 
X   = Side thickness. Can be either 33 or 39. 
X   = number of nails  
X   = Nail distance: can be either 42,5 or 19,62. 
 
Test 0 – 15d 33 7 42,5 
Test to try the software for the first time. It 
doesn’t show reliable results. 
Procedure used not correct (not standard). 
 
Test 1 – 15d_33_7_42,5 
Description: The center piece is a little wider 
than both side pieces, but less than one 
millimeter per side. All 14 screws are half a layer 
of LVL deep. In side 1, screws number 4 and 6 
are one diameter deviated from the row (both 
to the same side). By the observation of Eybjorn 
data, the estimation is taken as the observed 
load for the test that he did with the exact same 
parameters. 
Estimated load: 18.5 KN 
Accepted load: 14.8 – 22.2 KN 
Test: during the first 30 seconds the grips are 
adjusted and a loud crack is heard. When the 
40% is reached, a little crack is heard. No 
splitting is observed. After reaching 10% and 
start loading again, the first little noise is heard 
at 4.9 KN. At 14.5 some cracks ar heard. At 15.8 
more cracks are heard. At 19,5 cracks are heard 
and after that continue noise is heard. Cracks are 
still not visible in the specimen. Huge crack is 
heard at 21,4 KN and the side part splits. After 
side 1 splits side 2 also splits.  
Observed Load: 22,1 KN 
Notes: 
 
Test 17 – 30d_39_14_19,62 
Description: All the screws are ok except: side 2 
screws 4 and 13 are on a hole 2.Side 1 screws2 
and 14 are also in a hole 2. Any side have a really 
straight row.  
Load estimated with extrapolation of Eybjørn 
data. With ½ of end distance Fload = 1.5 KN 
lower than with 1/1 of end distance. Therefore 
for 2/1 of end distance it will be 1.5 KN higher 
than 1/1.  
Estimated load: 23,5 
Observed Load = 23,27 
Notes: Splitting of side 1 at the very end of the 
test (the test was carried more time than 
necessary. The splitting was reached after the 
Failure load was reached). The split was of the 
ending part of the side part and also from the 
surface along the nail row. This splitng of the 
surface along the row of nails happened both in 
side 1 and side 2. 
 
Test 9 – 15d_R_33_4_42,5 
Description: side 2 is ok. Screw number 2 of side 
1 has a hole 1 
Load estimated with extrapolation of Eybjørn 
data. Failure load will be a little bit higher ig not 
the same as tests 15d because the transverse 
nail will help avoiding splitting. We estimated 
increase of 1 KN in the estimated failure load of 
the same test without reinforcement. 
Estimated load = 15 
Observed Load = 14.1 
Notes: No splitting observed. Only many 
seconds after the failure load was reached, as 
we allowed the machine to keep doing 
extension (1,5mm/min) for more time than 
necessary, little cracks started to appear in one 
of the sides (most likely, the lowest density one). 
Especially interesting test if we take into account 
that the same test without the transverse nails 
(Test 7) broke due to splitting at Failure load 
13.2. This indicates that the transverse nail was 
helpful as it avoided the splitting of the sides and 
this allowed the Failure Load to increase around 
1 KN (luckily, the KN that we guessed it would 
increase). 
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Important observation: The extension is 
superior to 15mm. The load at this extensions is 
surprisingly 13.2 KN, the same load as Test 7. 
This time it didn’t break due splitting but the slip 
was too big. 
 
Test 22 – 15d_39_7_19,62 
Description: screw for of side 1 is in a hole 1. 
screws 1 2 and 3 from side 2 are in a hole. The 
center piece is a little bit thinner than both side 
parts. Load estimated directly from Eybjørn 
data.  
Load estimated: 14,5 
Load obtained: 11,4 
Notes: 21% error  EN 6891 says that maxim 
error should be 20%. Last step in the profile = 
extension controlled. 1.5 mm/min. Huge 
splitting of the siding parts. Crack goes from the 
end through all the nails. 
 
Test 2 – 30d 33 7 42,5 
Description: screws 5 and 6 of side 1 are in a hole 
2. Screw 3 of side 1 is a little deeper than the rest 
of side 1. In side 2 all the screws are deeper than 
the surface (approx. half an LVL layer) and 
screws 1, 4 and 6 are in hole 2. Load estimated 
with extrapolation of Eybjørn data. With ½ of 
end distance Fload = 1.5 KN lower than with 1/1 
of end distance. Therefore for 2/1 of end 
distance it will be 1.5 KN higher than 1/1.  
Estimated Load = 20 KN 
RESULTS: it reached the limit permitted of 15 
mm before Failure Load. When extension = 15 
mm  load = 21 KN. No splitting  
 
Test 18 – 15d_R_39_14_19,62 
Description: screw 6 of side 1 is in a hole 2. screw 
12 of this same part is one layer deep. Screws 3, 
5, 7, 8, 13 and 14 of side 2 are in a hole 2. Load 
estimated with extrapolation of Eybjørn data. 
Failure load will be a little bit higher is not the 
same as tests 15d because the transverse nail 
will help avoiding splitting. We estimated 
increase of 1 KN in the estimated failure load in 
the same test with no reinforcement. 
Estimated load = 23 
Observed Load = 19.7 
Notes: Splitting in the center piece. No splitting 
in the side parts observed. Only after the failure 
load was reached, as we allowed the machine to 
keep doing extension (1,5mm/min) for more 
time than necessary, little cracks started to 
appear in one of the sides (most likely, the 
lowest density one). Especially interesting due 
to two things: one is that unable to split in the 
side parts it split in the center piece (because 
this one didn’t have any reinforcement). Two, it 
will be important to see the failure in Test – 10. 
 
Test 7 – 15d_33_4_42,5 
Description: side 1, screws 1 and 4 are deeper 
than the others. Side 2, screws  and 3 are in a 
hole 2. Side 1 is a little misaligned with respect 
to the center piece (a little to the left) and side 2 
is wider than the center piece (approx. 3 mm in 
one side). Load estimated with the Eybjørn data.  
Load estimated: 14 
Load obtained: 13,2 
Notes: Whenever a sound was heard it was a 
crack getting longer through the thickness of the 
end of the side part. When the crack was all 
along the thickness, every posterior sound was 
the crack getting thicker. 
 
Test 23 – 30d_39_7_19,62 
Description: side 1, screw 5 is in a hole 2. Side 1, 
screw 4 is one layer deeper. Load estimated with 
extrapolation of Eybjørn data. With ½ of end 
distance Fload = 1.5 KN lower than with 1/1 of 
end distance. Therefore for 2/1 of end distance 
it will be 1.5 KN higher than 1/1.  
Load estimated: 16 
Load obtained: 16,7 
Notes: No splitting of the side parts. Smooth 
failure. 
 
Test 3 – 15d_R_33_7_42,5 
Description: The nail number 7 of the side 1 is 
nailed next to a hole of 1-2 LVL layers depth. In 
side 1 all the head of the nails are in the surface. 
The nails in side 2 are a little bit less than half a 
layer deep. The estimation of the load is 
achieved by the observation of tests 7 and 3. 
Test 3 is like Test 7 with the reinforcement screw 
and the failure load increases by 1 KN. The same 
is expected in this case comparing it with test 1. 
Estimated load: 23 KN 
Accepted load: 18,4 – 27,6 KN 
Test: it took 12 seconds to adapt and 1,8 mm of 
extension. It reached 40 % without any crack or 
noise. The 10% is reached also without any 
crack. The first noise is heard at 16, at the 
change of 70%. Little cracks are heard from 18 
KN on, but no splitting is yet observed at load 21 
KN. Cracks are heard every 5-10 seconds from 18 
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KN on. The failure is smooth. The maximum load 
seen in the screen is 23,6 KN. The test is stopped. 
Observed Load: 25.27 KN 
Notes:  
 
Test 16 – 15d_39_14_255_19,62 
Description: The center piece is wider than the 
side pieces, about 1 mm per side. The side 1 
have the screws 3,4,5 and 7 with a big hole and 
since they are next to each other and the 
distance between nails so small, all the LVL is 
broken in this part (from 3 to 5). Sc rew 1 has a 
hole type 2. Screws 9, 10, 11, and 14 are deeper 
than the rest. In side 2 screws 8, 9, 10 and 14 are 
deeper than the rest and screws 11, 12 and 13 
have a big hole and the LVL broken between 
them. Estimation directed by observed load of 
Eybjorn data.  
Estimated load: 22 KN 
Accepted load: 17,6 – 26,4 KN 
Test: The adjustment took 20 seconds and 1.9 
mm of extension. No noise or cracks are seen or 
heard during the 40 and 10% steps.  First little 
crack is heard at 13,2. From that point on, little 
cracks are heard every 5 seconds. At load 18.5 
KN a  big crack is heard  and a cracks is 
happenening at side number 2. When it reaches 
19 KN it makes a loud crack and suddenly it 
decreases the load. We stop the test. 
Observed Load: 19,38 KN 
Notes: The side one split after side 2.  
 
Test 8 – 30d_33_4_42,5 
Description: Side 1 has screw 1 in a hole 2. Screw 
3 in side 2 is also in a hole 2. The estimation can 
be obtained by the observations of the tests 
done so far. It seems that the failure load of the 
specimens with 30d is very similar to the ones 
with end distance 15d. So we decide to use this 
one.  
Estimated load: 14 KN 
Accepted load: 11,2 – 16,8 KN 
Test: It reaches 40 and 10% without any noise.  
The first little crack is heard at load 9.1 KN. At 
this point no splitting is yet observed in the end 
edges of the side parts. At load 11,5 no noises 
are heard. At load 13 some little cracks start to 
happen repeatedly. At 13,5 little cracks are 
heard and this load is maintained for a long time. 
Then, the load starts to decrease. No splitting is 
observed. After that there is a second increase 
of the load up to 0,1 KN more. At 13,67 it 
reaches the final maximum and starts to 
decrease. During this extra 0,1 KN many little 
noises are heard, but non of them very loud. The 
test is stopped. When it has gone down 0,4 KN 
the test is stopped. 
Observed Load: 13,93794 KN 
Notes: 
 
Test 24 – 15d_R_39_7_19,62  
Description: The side 2 is a little bit thinner than 
the rest of the specimen, about 1 mm. In side 1, 
the screws 3, 4 and specially 5 are deeper than 
they should be and the screws 6 and 7 have a 
huge hole 2 with the LVL in between them 
broken. Side 2 has only screw 1 a little deeper 
and the rest so deep (some inside a hole 2) that 
all the LVL in the row has split apart. It is 
expected to have a failure load 1 KN above the 
obtained without the reinforcement screw.  
Estimated load: 12,5 
Accepted load: 10 – 15 KN 
Test: The first 30 seconds are used to adjust the 
grips and the extension is about 2.5 mm. It 
reaches 40% and 10% without making any noise 
are aplitting. First noises are heard at 10.5 KN. 
From that moment on, the noise is constant. Al 
load 12 KN louder cracks start to be heard. They 
keep being constant. At 13 KN a spltting in the 
side 1 can be heard and seen.  Side one has 
already split half way through the thickness 
when side 2 starts splitting a little. It can be seen 
how the reinforcement screw is helping to hold 
the two parts of the splitting together. At 13,9 
the load is still increasing.  The load reaches its 
maximum. If we let it a little more time the 
splitting will get all the way to the other side of 
the side part (will cross all the thickness of the 
part). 
Observed Load: 14,21 KN 
Notes: the side 1 has split almost all the way 
through the thickness. Side 2 has only split half 
the way. The center piece has not split, but some 
cracks can be seen on the parts from the side 1 
closest and touching the end of the center piece. 
Apparently the crack in side 1 has gone all the 
length of the part to a point that is now visible 
from at the other side of the row of nails. 
 
Test 13 – 15d_39_7_42,5 
Description: the center piece is a little bit wider 
than the side pieces, but less than one 
millimeter and only in one side. Side 1 has the 
screw 1 in a big hole (two holes type 2 in the 
same place) and screws 3 and 5 in a hole type 2. 
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The other 4 screws of this side are ok. Side 2 has 
the screw number 1 in a hole type 2 and the 
screws 3 and 4 a little deeper than the rest, 
which are ok. The estimation of the  load has 
been taken from the same test done by Eybjorn.  
Estimated load: 21 KN 
Accepted load: 16.8 – 25.2 KN 
Test: the first seconds are used to adjust the 
grips, but in this case no big jerk is done. It 
reaches 40% of the estimated failure load 
without making any noise. It reaches 10% 
without hearing any noise or appearing visible 
cracks. It reaches 70% and it changes of stage 
but no noises are heard. It must be also said that 
unfortunately, during the test the cleaning staff 
from DTU has come to the department, very 
close to where I am testing the specimens and 
have started to vacuum. It has made it hard to 
hear the cracking. At 17 KN of load hearable 
cracks are happening constantly. No visible 
cracks are yet appearing. So far the test is being 
so smooth, without any hard crack. At load 20.5 
louder cracks are heard more often. At 21 KN (in 
the screen) no splitting is visible in the side parts. 
Observed Load: 21.61862 KN 
Notes:  
 
Test 5 – 30d_33_14_19,62 
Description: The center piece appears to be a 
little bit misaligned with the two side pieces, and 
so a hard jerk at the beginning of the test might 
be expected. In side 1, all the nails are a little bit 
deeper than the surface, on average, half a layer 
of LVL and nail number 12 is in a hole number 2. 
In side 2 screws number 8, 11 and 13 are on a 
hole and number 14 is deeper than the rest. 
Moreover the first layer of LVL appears to be 
broken from nail 9 to 14. The estimation of the 
load is done by increasing the load the 
estimation of the same test but with 15d end 
distance. 
Estimated load: 18 KN 
Accepted load: 14.4 – 21.6 KN 
Test: First 20 seconds are used to adjust the 
grips. The extension after that is about 2.1 mm. 
During the load to 40% the specimen has a curve 
with constant little cracks that can also be heard. 
(a picture and a screen capture is done of this 
curve). It has reached 40% and 10% without 
making any hearable noise. At 10 N load no 
noises are heard nor any split is seen. At 13 KN it 
reaches the 70% and in this case instead of 
stopping for a moment it has increased the 
velocity of the load increase. At 17 KN cracks are 
heard and now are constant. Quickly gets to 19 
KN where a big noise is heard ¡. No splitting is 
yet seen at 20 KN. Loud cracks are heard at 20.5 
KN. Now the cracks are constant. At 22.5 it has 
reached the maximum WITHOUT any splitting of 
the side part (not, at least, at the end part). The 
test is stopped. 
 Observed Load: 23.03599 KN 
Notes: The estimation was not so good. Does it 
have something to do with the fact that at the 
change of stage (70%) the velocity of increasing 
the load increased and that the test didn’t 
behave as usual? During the final part of the test 
it could be heard splitting of the side part 
number 2, but it was not visible in the ending 
part. Probably the side part was splitting from 
nail number 14 towards nail number 1 all along 
the row length on the inside surface (the one 
shared with the center piece. It was also noted 
that the 2 side pieces lifted a little bit from the 
center piece in the ending part of them (the 
down part of the test). This gave the specimen 
an angle of about 2 or 3 degrees. It can be seen 
in the picture.  
 
Test 21 – 15d_R_39_4_42,5 
Description: the nail 2 in side 1 is in a hole 2. In 
side 2 the nail number 1 is in a hole type 1 and 
the nail 4 has the LVL layer around it cracked. 
The side number 1 is a little bit wider than the 
rest of the specimen, about 1 mm only in one 
side. The estimation load is done by adding 1 KN 
to the estimation of test 19. 
Estimated load: 13.5 KN 
Accepted load: 10.8 – 16.2 KN 
Test: The first 30 seconds are used to adapt the 
grip. The extension at this point is 1.4 mm. 40 
and 10 % are reached without any noise. At 8 KN 
of load no noise or splitting are heard/seen. At 
10.5 KN there is no splitting seen. No noises are 
heard yet at 11.5 KN. At this point is already 
reaching the failure load.  The load is maintained 
for a long time in the range of 11.5 KN (this 
effect is probably due to the reinforcement 
screw). No loud cracks are heard. After a long 
time it starts to decrease. We stop the test 
before splittins is achieved.  
Observed Load: 11.86006 KN 
Notes: Is noted that the side pieces go back at 
least 2 or 3 mm when the specimen is taken out 
of the test machine (when reducing the load that 
it is made on it). 
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Test 10 – 15d_33_7_19,62 
Description: Side 1 is a little bit wider than the 
others, but less than 1 mm in only 1 side. Nails 2 
– 6 are deeper than the surface, the other 2 are 
ok. In side 2 all nails are well in the surface but 
nail number 2 is one whole diameter moved to 
the left. The estimation is done directly from 
Eybjorn data. 
Estimated load: 15 KN 
Accepted load: 12 – 18 KN 
Test: The first seconds are used to adjust the 
grips and the extension gets to 2.3 mm. During 
the load to 70% little cracks were heard and the 
curve is not exactly straight but it has periodical 
little jumps. Besides this, the curve seems ok. 
Nothing happened until the 70% was reached. 
Suddenly side number 2 split so hard and when 
it went across all the thickness the load began to 
decrease. A huge and loud crack was heard then 
and the load decreased a lot. The test is stopped. 
Observed Load: 10.95123 KN 
Notes: Something went wrong. Maybe this is an 
evidence that all the data has been influenced 
by this 70% change, and that we cannot trust 
anything. Maybe it is just that this specimen was 
for some reason weaker than expected and it 
broke, and we can still trust all the previous 
data. Whatever reason might be, it is going to be 
studied afterwards. By the look of the curve it 
doesn’t look like the step of 70% had something 
to do with it, because if we put it up it looks 
smooth and there is a previous little crack that 
affects. This will lead to the conclusion that this 
specific estimation of the load was completely 
wrong and so the load til 40% was actually a load 
til 60% (approx.) and this might have an opposite 
effect than what is meant to do. 
 
Test 14 – 30d_39_7_42,5 
Description: In both sides the only thing worth 
mentioning is the nail number 6 of side 2 which 
is a little deeper than the rest. Also is interesting 
that side 1 is a little bit thinner than the rest of 
the specimen (maximum 1 mm thinner than the 
center piece and side 2 and all the difference is 
set in one side). The estimation is done by 
adding 2 KN to the estimation of test 13. 
Estimated load: 23 KN 
Accepted load: 18.4 – 27.6 
Test: The first 20 seconds are used to adapt the 
grips and the extension is 1.8 mm.The 40% is 
reached without any problem. 10% is reached 
without a noise. The 70% is reached without 
hearing any noise or seeing any split. The first 
little crack is heard at 16 KN. At 18.5 KN the 
noises are more constant. At 21 KN some more 
cracks are heard. At 21.5 the loudest cracks so 
far for this test is heard. Following that the noise 
is similar to wood breaking all the time. No 
splitting is yet visible at 22 KN. Without hearing 
any special noise the tests reaches its failure 
load and starts to decrease. The test is stopped 
before inducing some deformation that we 
don’t want.  
Observed Load: 22.40196 
Notes:  
 
Test 6 – 15d_R_33_14_19,62 
Description: the center piece is 1 mm wider than 
the rest. In side 1 nails 1, 2, 6, 7, 10 and 12 are 
deeply nailed. 5, 8 and 9 anre in a hole type 2 
and the rest are ok. In side 2 nails 1, 2, 4, 6, 7, 8, 
9 and 13 are deeply nailed and 3, 5, 10 and 14 
are in a hole. The estimation is made by adding 
2 extra KN to the Eybjorn’s observed data of Test 
4. 
Estimated load: 18 
Accepted load: 14.4 – 21.6 
Test: The first 20 seconds are used to adapt the 
grips. It reaches the 40% without any noise. The 
same with 10%. At load 11 KN no cracks are yet 
heard and there is no visible splitting. At 12 KN 
the first cracks are heard coinciding with the 
70% stage change. This time the load goes to a 
faster increase step. At 17 KN a loud crack is 
heard and some more follow this first one. Now 
the cracks are more or less constant and loud. 
Splitting is not yet seen but it seems that the side 
1 is lifting whereas side 2 is not (picture). More 
cracks are heard now at 21 KN. Cracks similar to 
splitting are heard constantly at 22.5 KN but no 
splitting appears in the ending surface of the 
side pieces. At almost 30 a lot of cracks are heard 
and the side pieces sound like they are splitting 
inside. Splitting starts to appear at 22.9 KN at 
side 2, the noise increases and now it doesn’t 
stop slitting. When the split reached the surface, 
the failure load was reached and it started to 
decrease. 
Observed Load: 23.39834 
Notes: The side 1 is a little bit liftet. The side 2 is 
the only that split.  
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Test 19 – 15d_39_4_42,5 
Description: In side 1 all the nails are ok and only 
in side 2 the nail 1 is a little deeper than the rest. 
The center piece is a little but thinner than both 
sides but less than 1 mm at one side). One thing 
important to mention is that side 1 has, at its 
ending, a lack of the 4th LVL layer (starting from 
out to the center). The estimation of the load is 
made directly from the Eybjorn data. 
Estimated load: 12.5 
Accepted load: 10 – 15 KN 
Test: After 30 seconds is still adapting to the grip 
with a constant crack (image). After reaching 
40% the cracking stops and it gets to 10% 
without any noise. At 5 KN, just above the 40% 
the cracking starts again. The cracking continues 
all the time but at load 8 KN still no splitting is 
seen. After the 70% the cracking disappears. At 
10.8 KN no splitting is yet observed. A noise is 
heard at 11.6 KN. No specially loud cracks are 
heard and still the load is increasing slower 
every time. When it seemed that the failure load 
had been reached the load increased again 
around 10 KN. Finally the failure load was 
reached and the test was stopped. No cracks 
specially characteristics were heard.  
Observed Load: 12.83002 
Notes:  
 
Test 11 – 30d_33_7_19,62 
Description: side 1 has the nail 4 and 7 in a hole 
type 2. Side 2 has nail 1 deeper than the rest and 
nail 5 in a hole type 2. The estimation would 
have been done by adding 2 KN to the 
estimation of test 16 but test 16 gave us strange 
results, so it is decided to add 1 KN to the 
observed load of the same test but with 15d 
from the Eybjorn data. 
Estimated load: 16 KN 
Accepted load: 12.8 – 19.2 
Test: 15 seconds are required to adjust the 
specimen to the grips. The extension after these 
seconds is 1.3 mm. The 40% is reached without 
any problem, or cracking heard. It goes down to 
10% without any noise. First little crack is heard 
at load 9 KN and again at 9.8 KN. Noises are 
heard at 11.2 KN and from that point on they 
doesn’t stop. Still at 12.5 KN no splitting is seen. 
At 13.1 KN a loud crack is heard followed by 
constant noise. At 13.8 another big crack and 
sound like splitting starts to be louder even 
though it has been heard for a long time now. 
Plitting of side 2 starts at 14 KN an begins to go 
across the thickness. At 14.4 KN it is half way 
through. No splitting of side 2 yet. The failure 
load has been reached. The test is stopped. 
Observed Load: 14.68897 KN 
Notes: Cracks are still happening while the tests 
is stopped and we take it out of the machine. 
During the test the side 2 was a little lifted from 
the center piece (the part closer to nail 1). 
 
Test 15 – 15d_R_39_7_42,5  
Description: In side 1, nails 3, 4, 6 and 7 are in a 
hole type 2. In side 3, nails 2 and 6 are in a hole 
type 2. All the other nails are ok. Side 2 is a little 
bit wider than the rest of the test, about 1 mm 
on one side.The estimation of the load has been 
done by adding one KN at the estimation of the 
same test but without the reinforcement screw 
by Eybjorn. The reinforcement screw in the 
center piece is a little crooked towards the side 
2. 
Estimated load: 16 KN 
Accepted load: 12.8 – 19.2 KN 
Test: After 15 seconds it has adapted to the grips 
and the extension is 1.2 mm. It reaches 40% and 
10% without any noise or splitting. First noises 
are heard at 8 KN load. At 13 KN still no cracks 
are heard nor are splitting seen. So far, at load 
17 KN the test is so smooth, without any load 
crack or continuous breaking-wood noise. At 18 
KN little cracks are starting to happen. At 19 KN 
a sound like wood breaking so hard happens. 
Without any louder crack, the load increases 
until the failure load is reached. The load is held 
for a long time at its maximum. When splitting 
appears in side 1, the load finally starts to 
decrease. Still, it decreases 0.1 KN and then it is 
maintained a little long in that range of load. The 
test is stopped before any big change occurs 
(like sudden completely split of the side part 
number 1).  
Observed Load: 20.50965 KN 
Notes:  
 
Test 4– 15d_33_14_19,62 
Description: Side 1 has nails 2, 3, 10 and 12 in big 
holes, nails 5, 6, 7, 11, 13 and 14 deeper than the 
surface. Side 2 has nails 5, 7, 10 and 11 in holes 
type 2. Side 1 is a little thinner than the rest of 
the specimen (around 1mm per side). The 
estimation of the load was made directly from 
the Eybjorn data. 
Estimated load: 16 KN  
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Accepted load: 12.8 – 19.2 KN 
Test: After 30 seconds some adjustment is done. 
It has reached 40 and 10% without any noise. 
The first crack is heard at 7 KN. No more noises 
are heard until 12.8 KN. At load 14 KN the cracks 
start to be every 5 seconds and louder every 
time. At 17.5 KN no splitting is observed. This 
time after 70% the load has increased quicker. 
At 20 KN of load the splitting sound is so loud 
and it seems like the wood is breaking inside. At 
22 KN there is a loud crack and the splitting-like 
sound doesn’t stop.At 22.6 KN side 2 starts to 
split and suddenly the load decreases. We stop 
the test. 
Observed Load: 23.1322 KN 
Notes: the split in side 1 has started long after 
the split in side 2. It has clearly been side 2 the 
part that caused the failure. The split in side 2 
has occurred quite quickly. It has gone through 
the thickness of side 2 so fast. 
 
Test 20 – 30d_39_4_42,5 
Description: Side 1 has the nail 2 in a hole type 2 
and side 2 has the nails 1 and 4 in holes type 2 
and the nails 2 and 3 are deeper than the 
surface. The estimation of the load was made 
summing 2 KN to test 19. 
Estimated load: 15 KN 
Accepted load: 12 – 18 KN 
Test: After 30 seconds the specimen is fixed and 
the extension is about 1.6 mm. 40 and 10% are 
reached without any noise or splitting. The first 
little noises are heard at 10.5 KN coinciding with 
the change of 70%. No loud cracks have been 
heard in this test and yet it has reached its 
failure load at 11.5 KN. This maximum load has 
been maintained for a long period of time (in 
which no splitting is happening). The test is 
stopped when the load had gone down 0.3 KN 
from the failure load, so as to avoid any splitting 
effect and being able to analyze the yielding.   
Observed Load: 11.74205 KN 
Notes:  
 
Test 12 – 15d_R_33_7_19,62 
Description: Side 1 has nail 7 in a big hole and 
from nail 2 to 6 a little deeper than the surface. 
The closer the nails are to the nail number 7 and 
its hole, the LVL in the row of nails is more and 
more broken. Side 2 has the nails 3 and 7 in a 
hole type 2 and nails 4 and 5 are deeper inside 
the first layer of the LVL. Another characteristic 
of this specimen is that the side piece number 2 
has one layer (specifically layer 7 starting from 
the surface) that is cut half way through the 
width of the piece. This implies that looked from 
the correct side the thickness of this specimen’s 
part looks like one layer of LVL is missing. This 
layer, though is not missing more than 5 mm, 
and so it doesn’t affect the reinforcement screw. 
These screws, just in case, are screwed from the 
other side. The estimation of the load would 
have been done summing 1 KN to test 10 but 
since test 10 gave strange results, the estimation 
was made directly by summing one to Eybjorn 
data of the same test without the reinforcement 
screws. 
Estimated load: 16 KN 
Accepted load: 12.8 – 19.2 KN 
Test: In 10 seconds the grips were adapted and 
the extension after that was 1.2 mm. 40% and 
10% are reached without any problem. First 
noises are heard at load 10 KN. After that, crack 
noises are constant but no splitting is yet 
observed at 11 KN load. At load 12 splitting in 
side 1 appear. Incredibly the load keeps 
increasing to 14 KN with constant splitting noise. 
(first picture at 12 and second at 14 KN)Suddenly 
a huge crak is heard and after some seconds an 
even harder and it breaks. 
Observed Load: 14.65847 KN 
Notes: the splitting goes from the edge until the 
first nail and this one seems to block it of going 
further. Side 2 hasn’t split.  
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A.3 Observations lateral load capacity experiment, Series B 
 Step 6 of the test: for the 45 mm thickness test,  instead of using 1.5 mm/min as we used in 
the nail testing, we decide to reduce the ratio to 0.6 mm/min in order to reduce the influence 
of the change of criteria when reaching the 70% of the estimated load and trying to make the 
change smoother. Seen as too little, the ratio is increased to 1mm/min in the first 39 mm 
thickness test. In the second is increased to 1.5 mm/min as it was initially. And it will be like 
this always. 
 How we approached the first test value: taking the result from Test 7 of the nail tests ( 7 – 
15d, 33 4 127.5 (42.5)), which had 46.5 mm of end distance, 33 mm of thickness and 42,5 
mm of nail distance. In this test we obtained 13.2 KN. In the nail testing the end distance of 
30d adds about 5 KN to the load. Thicker means bearing more load and 30 mm of distance 
between screws reduce a little bit the load. Thus, we decide 15 KN. 
 Whenever Teflon has been used, it has been cut all along the surface at the position where 
the screws are going to be. This cut is done to avoid the Teflon giving some extra strength to 
the screw when it bends. This way it only influences reducing the friction between the parts. 
It is highly probable that the cut has been done if not in the exact place where the point of 
the screw is going to be, in a point deviated a smaller distance than the radius of the screw. 
Also it is important to mention that the cut has been done after putting the Teflon in the LVL, 
and so the cut might have effect a little bit also the first layer of LVL. 
 During the process of reducing the thread of the screws, some parts of every screw might 
result in having a thinner diameter, and this will affect the joints, not only in the yield point 
position (aim of this thread reduction) but also in the value of the load bearing capacity, 
which will decrease. This second consequence will have to be compensated. 
 During the elaboration of the tests, it was confirmed that the rule said by the standards, 
saying that the last step after reaching the 70% failure load should lead the test to reach its 
failure load in 3 to 5 minutes, was not being followed. Since this was realized after 5 tests, it 
was decided to keep doing the tests with this ratio mm/min of the last step so as to be able 
to compare the 12 results. It has been decided to keep it doing this way because in the 
majority of the cases, the slope of the curve before and after the jump match to one another, 
indicating that the ratio used is similar to the one induced during the load-controlled stage. 
The problem is this gap of continuity during the change of stages. It is important to keep this 
point in mind and explain it. One option, in case that the slope before and after the jump is 
the same, is to move the curve up. It was determined as logical to use the same test 
procedure (and so the same ratio) for all the tests. Important to keep in mind that the first 
test was the only one to use a lower ratio. 
 The name of the specimen is composed as follows: 
X/X/A/B 
X   = number of nails 
X   = Spacing between nails in mm 
A   = TEFLON, if the specimen contains Teflon. If not, nothing. 
B   =  REDUCED THREAD, if the screws have contains Reduced thread. If not, 
nothing.  
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Tests 14 – 4_30_t=45 mm 
Description: The 8 screws are well screwed. 
Straight and until the surface. In the side 1 
the first screw is touching a knot. In the 
center piece there is a big dead knot that fell 
off the LVL layer and due to screwing the 
two side pieces to the center piece, the two 
LVL layers surrounding this gap have bent 
towards each other. The same thing 
happens at the other side of the center 
piece. 
Estimated load: 15 KN. 
Accepted load: 12-18 KN 
Test: Something was completely wrong. The 
test procedure was set up the same way 
that for the nailing tests, however, when it 
came to doing the tests, it didn’t increase 
the load by 3 KN/min as it was supposed to 
be but so quickly, maybe 3 KN per second, 
and so in less than 5 seconds it increased 
too much, the extensions was beyond the 
limit imposed (25 mm, considered 
conservative enough to avoid the machine 
to stop because of this value) and so the test 
stopped. Next step will be to find out why it 
is doing this test like this using the same 
sample that now is completely useless for 
the data collection we were trying to get.    
Solution was found: the machine was set to 
consider positive the load when pushing, 
not when pulling down, and so I was giving 
contradicting orders to it. Now it has been 
reinstalled again and the test is being done 
in the same test that we used to test the 
machine when the nail testing (Test 1). 
Observed Load: - 
 
Test 13 – 4_30 _t=33 mm 
Description: The 8 screws are well screwed: 
straight and until the surface. There is one 
thing very relevant to mention about the 
side piece number 2: It has different 
number of layers in it. Looking at the section 
of it, the right hand side part has 11 layers, 
as it is obvious for 33 mm LVL but the left 
hand side par has 10 layers, and specially 
the top three ones make a curve and appear 
to be a little thicker but it gives to the whole 
beam a difference of thickness throughout 
its width. It can be seen in picture 7. Along 
the beam, this 11th layer is added (this is all 
due to the fabrication process) The center 
piece is slightly wider than the side pieces, 
although less than half millimeter per side. 
Estimated load: 15 KN 
20% error accepted = 12-18 KN 
Test: First 8 seconds are to adapt the grips, 
and the extension increases quickly to 3 mm 
in the software (we will have to take this 
into account). I reaches the 40% without 
making any noise or visible cracks, and no 
visible slid is appearing. It reduces to 10%: 
no problem. Holding at 10% causes no 
problems either. By the time it starts 
increasing the load to 70% the extension is 
about 4.3mm. 7.5 KN: still no noise. 10 KN: 
first little cracks are heard. 10.5: change of 
step. Now it goes at 0.6 KN/min. It is seen 
that maybe is a little bit too slow. No more 
cracks are heard until 12.5 KN. Now it does 
little noises but not very often yet.  15 KN 
are reached without problems. At load 17 
KN the noises are more intense and 
constant. Still no visible cracks. At 18.24 it 
has reached its failure load. Now constant 
and non-stopping noises of cracks are heard 
but so low. Also, no cracks are seen in the 
side pieces. We stop the test.  
Observed Load: 18.6068 KN 
Notes: One observation is that the threads 
have been pulled inside the pieces during 
the test penetrating, the heads, even one 
layer in the Side piece number 1. It may 
have lower density. 
The excel file obtained has also in it the 3 
first tests done before this one. The two 
tests of about 5 seconds that didn’t go well 
and the third test, using the nail sample Test 
1 that went well. 
 
Test 1 – 4_30 
Description: The 8 screws are ok, straight 
and until the surface. The second screw of 
face 1 is closely screwed to a knot. No 
relevant features are observed. Only one 
test has been done before whit one 
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difference: thickness 33 mm, and so we 
increase now the estimated load 1 KN above 
the obtained. The holes in the side pieces 
are a little misaligned. It is commented here 
one thing that is repeating in all the tests: 
the grips are not completely centered and 
there is one side closer and touching the 
grips whereas the other is not touching.  
Estimated load: 19 KN. 
20% error accepted = 15.2 – 22.8 KN 
Test: first 15 seconds were to adapt and the 
extension went to 1.9 mm.  It reaches 40% 
of the estimated failure load with only few 
noises heard. It reduces the tension to 10% 
without any sound or visible effect. When it 
starts the step to 70% the extension is 3.4 
mm. At 9 KN it starts making some noises. 
The change between step 6 and step 7 is too 
abrupt. At 15.8 some cracks are heard. No 
splitting of side pieces is observed at 16.5. 
At this point cracks start to be heard approx. 
every 10 seconds. At load 18.15 it starts to 
sound like it is breaking inside. (Long 
cracking noises) and it becomes a 
continuous noise. No side splitting 
observed. At 19 KN the noise is constant and 
the screws heads are completely inside one 
layer. At 19 a louder crack is heard. The 
failure load is reached. More cracks are 
heard. The test is stopped.   
Observed Load: 19.43446 
Notes: A crack along the screw line in side 2 
has appeared. The screws in both sides are 
inside at least 1 layer. The whole structure 
is a little loose when taken out of the 
machine, especially side 2. During the test 
the 3 pieces have aligned and the center 
piece is now a little bit inclined respect the 
initial position.  
 
Test 2 – 4_30_Teflon 
Description: The 8 screws are ok, straight 
and until the surface. No relevant features 
are observed. It is decided to reduce the 
estimated load in 1 KN due to the Teflon. It 
has been extremely difficult to put the test 
in the grips this time: the center piece is 
pressuring hard the under-grip. 
Estimated load: 18 KN. 
20% error accepted = 14.4 – 21.6 KN 
Test: The first 20 seconds were of 
adaptation and the extension was already 
2.5 after that. All the 40-10% happen 
without any noise or visible cracks. At load 
8 KN the very first noise is heard, and the 
noise is long and constant during 5/6 
seconds. At this point little cracks and noise 
is heard every approximately 5 seconds. No 
side splitting observed at 13 KN. The change 
of step is still very abrupt. At load 15 KN the 
screws in side 1 are very deep inside 
compared to the screws in side 2. At this 
point the noise has reduced. At 17 KN the 
noise is loud again and continuous. Now the 
screws at the side 2 begin to be deep as 
well. 17.1 KN a hard cracks has been heard 
and now many of them are happening. It 
has reached the failure load. The test is 
stopped. 
Observed Load: 17.47401 
Notes: The center piece has turned a little 
bit around its grip and it’s misaligned with 
the side parts now.  
 
Test 3 – 4_30_Reduced Thread 
Description: The 8 screws are perfectly ok. 
There is no feature important to mention or 
different to the others. It was difficult to put 
the bar through the holes in the upper grip: 
the holes are not completely aligned. This is 
the first test done with the reduced thread. 
For this reason the exact effect on the load 
bearing capacity is not known. A guess is 
taken: we reduce the estimated load 3 KN 
from the same test with the complete 
screws. In the process of reducing the 
thread, some parts of the screw resulted in 
having a thinner diameter, and so it will 
affect the load bearing capacity.  
Estimated load: 16 KN. 
20% error accepted = 12.8 – 19.2 KN 
Test: The first 20 seconds are adaptation for 
the grips. In this case the sample moves 
around 2.5 mm until is completely settled. It 
reaches the 40% without any noise or visible 
crack.  The test has reached the 70% of the 
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failure load without any noise or visible 
cracks and no sign of splitting. At 13 KN the 
first little cracks are heard. The screws are 
not being pulled inwards yet. At load 15 KN 
the screws in the side 2 are beginning to go 
a little bit inside.  At 16.9 some cracks are 
heard. From this point on, very quiet cracks 
are heard constantly. 17.35 KN the biggest 
crack until now in this test has been heard. 
17.6 KN long noises are heard and specially 
hard one at 17.75 KN. The heads of the 
screws in side 2 are now going inwards, but 
in side 1 are still in the surface. The little 
noises continue until the failure but it can 
be considered soft, as it has not sound any 
hard and loud crack. At 18.35 KN a crack has 
indicated the reach of the failure load. It 
gets down to 18.31 slowly and then goes up 
to 18.33 again and then it begins to 
decrease faster. We stop now the test. 
Observed Load: 18.72519 
Notes: Only the screws in side 2 have gone 
inside the first LVL layer. It could be 
observed that when we stopped the test 
and proceed to take the cylinder bar holding 
on the side pieces holes out, when we 
moved the machine a little up, so it would 
be possible to pull the cylinder out, the side 
pieces moved a lot as a result of the reduced 
force pulling from them. This happens in all 
the tests, but in this case was especially 
noticeable. Another thing: the whole 
structure is now loose, looser compared to 
the two first tests. It might be due to the 
reduced thread.   
 
Test 4 – 4_30_Reduced Thread_Teflon 
Description: The 8 screws are perfectly ok. 
The side piece number 2 is a little wider than 
the rest of the parts, but less than 1 mm per 
side. The estimation of the load has been 
done with the results of test 1 and 2. In Test 
2 the addition of Teflon has decreased the 
failure load in 2 KN. Thus, in this case we 
expect the failure load to be 2 KN lower than 
in test 3. 
Estimated load: 16 KN. 
20% error accepted = 12.8 – 19.2 KN 
Test: It took 15 seconds to adapt the 
specimen. The extension after that is 1.9 
mm. It reaches 40% without any noise. The 
same with 10% of failure load. At this point 
no penetration of the screws or splitting in 
the side parts is visible. At 9,5 KN the first 
noise is heard. At 10.5 KN more noises are 
hear, this time louder. At 11.2 KN, the 
change of stage is followed by little noises. 
At this point no penetration of the screws is 
yet seen. At 12.5 little cracks are heard. 
From this point on, little cracks are heard 
every 3-5 seconds. Without hearing any 
specially loud crack, the failure load is 
reached. The test is stopped. 
Observed Load: 14.14229 KN 
Notes: In the side number 1, all the screws 
have approximately penetrated the LVL 
layer per equal, whereas in the side number 
2 the screws 3 and 4 have penetrated 
significantly more than screws 1 and 2. The 
parts of the specimen are loosely joined 
after the test.  
 
Test 5 – 4_60  
Description: In the side 1 the screw 3 is a 
little bit more screwed inside than the rest. 
In side 2 the 2 is too screwed inside and the 
3 is a little bit out. In the 3 cases it was the 
result of screwing exactly the same way as 
all the other screws. If it went deeper inside 
might be because that the outer layer was 
softer and if it didn’t go inside as the others 
it might be because that the layer is harder. 
It is observed that the center piece is a little 
bit wider than 70 mm. It is, though, not too 
much to be considered a problem. The 
estimation of the load has been done using 
the Test 1. The effect of more spacing and 
row length will probably increase the failure 
load so we choose to increase it a little bit. 
Estimated load: 20 KN. 
20% error accepted = 16 – 24 KN 
Test: The first 10 seconds are used to adapt 
all the grips. The extension after the 
adaptation is 2 mm. It reaches the 40% 
without any noise, visible splitting or visible 
effect on the screws. It has gone to 10 % and 
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started increasing without any visible or 
hearable effect. At load 10.3 KN the first 
little noise is heard and it is followed by little 
cracks every 5 seconds from then on. When 
the 70% is reached, the noise stops and it is 
not heard loudly and continuously enough 
to be mentioned again until load 18 KN. At 
this point the screws are visibly inside the 
LVL, not a whole layer yet, though. At 21.4 
the noise of the cracks are not loud yet. At 
24 KN some cracks are now happening. The 
head of the screws are now (25 KN) all one 
layer down and some of the even more 
special attention to screw 2 of side 2. At 
26.34 a loud crack is heard and the failure 
load is reached. It goes down and again a 
little bit up, and another high crack is heard 
and then goes rapidly down. We stop the 
test here so we can see the deformation of 
the screws at the moment of failure. 
Observed Load: 26.34 (out of the 20% error) 
in the software it showed 25.85 
Notes: The second screw of side 2 has gone 
at least 2 layers inside. We can consider the 
failure to be smooth. There is one problem: 
the load in the excel file is a little bit bigger 
than the load shown in the software during 
the test is done. It must have something to 
do with the calibration of the load. In the 
process of unloading the side parts to be 
able to take the cylinder out of the holes, 
the two side pieces separate approx. 2 mm 
from the center piece. 
 
Test 6 – 4_60_Teflon 
Description: The screw 3 of face 1 is one 
layer deeper than it should be. No more 
features are worth commenting. Since it has 
Teflon, we decrease the expected failure 
load 2 KN to the previous test. 
Estimated load: 24 KN. 
20% error accepted = 19.2 – 28.8 KN 
Test: During the first 20 seconds it adapted 
to the grips and then during 30 more 
seconds it kept doing little jumps every 3 
seconds until it definitely adapted. It moved 
approx. 3 mm after this. It reached 40% and 
then 10% without a problem or noise. At the 
sart of the 5th step the extension was od 5.1 
mm. No noise or special displacements in 
the screws were seen at 10 KN of load. At 
load 14.5 some little cracks are starting. At 
16 KN the little cracks stop but now the 
screws have gone significantly inside the 
first layer of LVL (all of the 8). The change of 
step from 6 to 7 is incredibly abrupt this 
time. At 17.7 a hard crack is heard. The test 
continues making little cracks every 3 
seconds and it reaches 20 KN with the 
screws now more than one layer of LVL 
inside. At approx. 21.2 KN a hard crack has 
been heard and another at 21.35 KN. At 
21.40 no splitting of the side parts is 
observed. The load increases slowly until it 
reaches 21.85 where it stops ad starts 
decreasing. We stop the test.  
Observed Load: 22.29 KN. In the software it 
showed 21.85 KN 
Notes: The screws are incredibly deep this 
time, specially the 3rd from side 1. Happens 
the same thing as the test before: the load 
in the excel file is a little bit bigger than the 
load shown in the software during the test 
is done. It must have something to do with 
the calibration of the load. In the process of 
unloading the side parts to be able to take 
the cylinder out of the holes, the two side 
pieces separate approx. 2 mm from the 
center piece.  
 
Test 7 – 4_60_Reduced Thread  
Description: In face number 1 the 4th screw 
is a little bit deeper than the rest (half a 
layer more or less), the 3rd one is a little out 
(half a layer more or less), and the 2nd one 
looks a little bit crooked towards the 1st 
screw of the face. In the second face all the 
screws are well screwed but a little mistake 
was made: the fourth screw was first 
screwed in a wrong position (more than half 
a centimeter out of place. It was screwed to 
1/3 of its length when the mistake was seen. 
At this point the screw was screwed out 
again and screwed in the good position. 
Thereby, there is a little hole next to the 4th 
screw. The center piece is a little wider than 
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the two side pieces in this case (at least 1 
mm wider per side). The estimation of the 
load is done taking into account the results 
obtained from the Test 3, in which the use 
of reduced threads decreased the failure 
load in 1 less than 1 KN compared to the 
same test using full thread screws. 
Estimated load: 25 KN. 
20% error accepted = 20 – 30 KN 
Test: The first 5 seconds are used to adapt 
the grips. The extension after that is about 
3 mm. The ample gets to the 40% of the 
failure load without any noise or visible 
cracks.It goes down to 10%. No problem. At 
11 KN it makes the first little crack, probably 
the screws starting to go inside the LVL 
layer. At this point it keeps doing noises 
constantly, very low but non-stopping. It 
reaches the 70% and it changes from load 
controlled to extension controlled. Now it 
has been seen that the load shown in the 
picture is not exactly the load made by the 
machine, because it should have changed at 
17.5 KN but it has changed at 16.8 (more or 
less), so again, we have the little difference 
between what we see and what we will 
have in the excel file. At 18.7 KN the screws 
are still in the surface of the LVL. The screw 
that has gone deeper seems to be the one 
with the wrong hole at its side. At 19.4 KN 
the tests reaches the failure load. This test 
hasn’t done any hard noise as usual but it 
has been really soft constant noises. 
Observed Load: 19.79196 KN 
Notes: In this case the test has been without 
hearing any hard crack or seeing the screws 
going really deep into the first LVL layer. The 
LVL around the screw number 4 of side 3 
(the one with the little hole done by mistake 
at its side) has split. For this test the curve 
Load-Extension, presents a big change at 
the end of the 70% step. The estimation of 
the load had been wrong. It should have 
been 1 KN less than the failure load 
obtained in the Test 5 which is ok, but it 
appeared to be too high (maybe number 5 
was extra strong for some reason). 
 
Test 8 – 4_60_Reduced Thread_Teflon 
Description: The 8 screws are perfectly ok 
except one. In the side 2 the 2nd screw it is a 
little crooked. It was screwed out a little bit 
during the screwing to try to adjust the 
direction it was going but still it ended a 
little crooked towards the 3rd screw of its 
side. The two holes in the side pieces were 
not completely aligned and it was difficult to 
put the cylinder through them. (we had to 
put first one, move the whole structure up 
and then put the other. 
Estimated load: 17 KN. 
20% error accepted = 13.6 – 20.4 KN 
Test: It took a long time to adapt and after 
that the extension was already 4mm. Side 
number 1 appears to be more pulled than 
number 2. This is because the hole through 
which the cylinder bar had to go was drilled 
a little closer to the edge than the other, 
and so at the beginning the force was 
mainly directed to this second side. At 9.3 
KN it makes the first noise. At 11 KN it 
reached the 70% and it makes a huge jump 
that might have affect the results. The 
screws have not gone so deep inside at 
12.8KN load. At 12.94 “in the screen” it 
reaches the failure load. It has maintained a 
long time the maximum load without 
varying more than 3 KN. After having 
reached the maximum load all the screws 
are still in the surface.  
Observed Load: 13.19003  
Notes:  
 
Test 9 – 7_30  
Description: The 8 screws are perfectly ok, 
only screw number 5 of side 2 is a little 
deeper screwed than the rest. The center 
piece of this specimen is a little wider than 
the two side pieces (approx. 1 mm per side). 
One big feature of this specimen is that it 
has a cut in the side piece number 2. This cut 
was a result of a problem occurred during 
the manufacturing of the specimens. The 
cut is approximately at 130 mm from the 
bottom edge (bottom edge = the closest to 
screw number one) on the right side of the 
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side part. The cut starts at the third layer of 
the LVL (from the surface) and it goes 
increasing its depth until the internal 
surface (the surface touching the center 
piece) where it is approximately 2cm. It is, 
therefore, 1,5 cm away from the screw 
number 2. The load is estimated to be 
similar to the tests with 4 screws and 60mm 
of distance. By the observation of some 
tests results we can expect the failure load 
to be a little higher if not the same.  
Estimated load: 25 KN. 
20% error accepted = 20 – 30 KN 
Test: First 10 seconds are to adapt the grips 
and the extension gets to 2.6 mm. During 
the load to 40% some little noise or cracks 
are heard. It reduces the load to 10% 
without any noise and starts loading to 70%. 
At this point the screws are as they were at 
the beginning.  At 13.5 KN it starts making 
little but repeatedly cracks. At 16 KN it has 
made a bigger crack than all the rest before. 
At 18 KN the screws are ok. 20 KN it keeps 
doing little cracks. No splitting of the siding 
parts is seen at 23 KN and the screws are ok. 
It keeps making little cracks. At 24.1 KN it 
has happen a big crack and many after that 
one. Now the volume of the cracks is higher. 
At 25.6 KN the cracks are closer in time. At 
26.3 KN it has reached its failure load and 
suddenly the sound as if the wood was 
breaking. We stop the test. 
Observed Load: 26,79412 KN 
Notes: This is the specimen that, so far, 
looks the tightest after the loading test. The 
side pieces and the center piece are not 
loose whatsoever. It seems completely stiff. 
It looks like the cut in the side of the side 
piece umber 2 has not affected the results. 
The screws have not gone inside the LVL. 
 
Test 10 - 7_30_Teflon 
Description: The 8 screws are perfectly ok. 
The center piece is a little wider than the 
side pieces, but less than one millimeter per 
side. The load estimation is done using the 
load in test 9 and subtracting some KN due 
to the use of Teflon. It has been difficult to 
put the cylinder bar inside the holes, 
because they were not completely aligned.  
Estimated load: 22 KN. 
20% error accepted = 17.6 – 26.4 KN 
Test: First 7 seconds were used to adjust the 
grips. It has reached the 40 and the 10% of 
the failure load without any noise and now 
it starts loading to 70%. At load 13 KN the 
first little cracks are heard. No screws going 
deeper or splitting in the side parts. Some 
little cracks are heard in the moment of 
reaching the 70% and changing the stage. At 
18 KN it has started to do little cracks 
approx. every 5 seconds. At 21.8 KN a hard 
crack was heard. 22.7 KN another crack.  At 
22.8 KN an even harder crack was heard and 
from that one a non-stopping breaking 
noise is heard. The noise continues until it 
reaches the failure load. We stop the test 
then.  
Observed Load: 23.82546 KN 
Notes: the curve load-extension shows that 
the ratio chosen for mm/min is a good one. 
The side number 1 resulted to have the 
screws deeper than those from the side 2 at 
the end of the test. The specimen is tight at 
the end.  
 
Test 11 – 7_30_Reduced Thread  
Description: The 8 screws are perfectly ok 
except for the screw number 2 of side 
number 2, which is a little inclined towards 
the 3rd screw of this side. The center piece is 
a little wider than the side pieces, but less 
than one millimeter per side. This specimen 
was difficult to put on the grips. The 
estimated load is determined by using the 
same value as Test 7 (since test 9 gave us 
results similar to test 5 and test 10 gave us 
results similar to test 6, it is expected to get, 
now, results similar to test 7)  
Estimated load: 19 KN. 
20% error accepted = 15.2 – 22.8 KN 
Test: It took 8 seconds to adjust the grips. 
The extension is now 4 mm. It reaches 40 
and 10 % without making any noise. The 
first noise is heard at load 17.5 KN. The 
screws are in the surface and no splitting is 
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visible. In this case the jump when reaching 
70% of estimated load was not seen. At 23 
KN the first noises are heard and it doesn’t 
stop making little cracks. At load 25 KN hard 
cracks are heard. At 26.4 KN it starts making 
louder noises. At 26.5 KN it reaches the peak 
it stays in that range of values for a long 
time and then after a crack, it starts 
descending. 
Observed Load: 27.03604 
Notes: The expected value resulted to be 
very low. It means that this test has not 
behaved the same way as Test 7. This result 
seems to match with the results gotten in 
test 1 and 3, but not with the test gotten in 
5 and 7. The specimen is tight after the test. 
The screws in face 1 have gone deeper than 
face 2, but not all of them have moved.  
 
Test 12 – 7_30_Reduced Thread_Teflon 
Description: The 8 screws are perfectly ok. 
The estimated load is taken from test 11 and 
reducing the load due to the use of Teflon. 
It was really difficult in this case to put the 
cylinder through the holes. They were not 
completely aligned and so it is expected a 
huge deviation at the beginning of the 
curves. 
Estimated load: 25 KN. 
20% error accepted = 20 – 30 KN 
Test: the adaptation took 20 seconds and 
the extension is now about 3.5 mm. It 
reaches 40% without a problem. The same 
with 10%. At load 15 KN it starts making 
some cracks and the screws are all ok. At 
17.5 KN it has made a big jump and a crack. 
At load 18.5 KN cracks are now constant, 
not very loud, but one every second. At 19.6 
a louder crack is heard. The failure load is 
reached, and now the load decreases 
rapidly making a lot of cracks. We stop the 
test.  
Observed Load: 20.06503 
Notes: The screws have not gone inside the 
first layer of LVL.  
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A.4 Observations lateral load capacity experiment, Series C 
• As it has been done for the Experiment 1, the tests 
have these steps: First load controlled until 40% of the estimated failure load, during 2 minutes 
(so ratio = %expected failure load per minute). Second step is holding the load during 30 
seconds, then the third step is to reduce the load at the same ratio as before until the 10% of 
the expected load, followed by the fourth step holding the load during 30 seconds. The fifth step 
is to increase the load at the same ratio as the two previous steps until 70% of the expected 
failure load and then when reaching this 70% the last step starts: an extension controlled step 
until at ratio of 1,5mm/min until the failure load is reached. 
 We compare: Teflon/non-Teflon, Standard nails/Hardened Standard Nails, number of nails 
and nail spacing. 
 End distance in this experiment is 30 * Ø and so 102 mm. 
 In all the tests, we use reinforcement screws so as to avoid failure due to splitting. We use 
screw 3.5 50/35 (this way the threaded part is in both sides of the nail row; 20 cm in the side 
were we screw and 15 cm in the other side of the split). We put reinforcement screws in 
both sides and in the center. We decide, to make sure, to put two screws: the first screw is 
put at 1/1.5 mm from the nail number 1 of each side (and last nail in center piece) and the 
second screw is put at 1cm from the first one. 
 As it already happened in the nailing test for experiment 1, the nails are counted (1 to 7) 
being one the closest to the end of the side piece in contact with the center piece. 
 In some occasions, definitely less times than in the first experiment, the nail gun only shot 
air, and so some holes where made on the surface of the side piece where the nail was 
supposed to be nailed. The holes are normally 1 or 2 layers deep, 3 mm long and 1 cm width. 
The nail is shot on the hole again, but since the head of the nail is thicker than the hole, in 
most of this cases the nail is still nailed until the surface, and not completely deeper. 
 It has been observed that all the nails appear to enter a little bit crooked with the tip towards 
the next nail. This is due to the use of the nail gun for the process. The nail gun is normally 
used with nails that come together with a tape and that have the heads of the nails cropped 
so they don’t interfere in the shooting. The problem is that for this test we had to put 
individually each of the nails, shot by shot and the heads were not cropped. This factor, 
together with the factor that the nails shot were not taped together might have given to the 
nails this little freedom of movement that has led to a little deviation from the vertical for 
each of the nails. However, they all nails are definitely less crooked than they would be if 
nailed manually. 
 An observation was made regarding the difference between nailing standard nails and 
nailing the hardened ones. In most of the cases the standard nails were shot and ended 1 
cm out of the specimen, therefore they had to be hammered in. On the other hand, the 
hardened nails were shot until half a centimeter out, and then hammered in. The effect of 
the hardened might be a reasonable explanation for this fact. 
 
The first number is the order in which the nailing was done. 
The name of the specimen is composed as follows: 
 
X_X_X_A_B 
X   = number of the specimen 
X   = number of nails 
X   = Spacing between nails in mm 
A   = HARD, if the nails used are hardened. If not, nothing. 
B   =   TEFLON, if the specimen contains Teflon. If not, nothing. 
 
• Test 0: An already used specimen in the experiment 1 was used in this case to make sure 
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that the profilefor the software was well defined. It was proved to be correct. However, a 
big problem was observed: the specimen broke in the side grips, because the length of the 
side parts had been cut to make them fit in the test machine, because another grip was used 
and it was needed them to be short. This lead us to the real doubt that we have now before 
starting with the real test. 
• The specimens have a shorter extra length in the side parts, making the part fom the hole 
(for the grip) to the end a little shorter than the tests made for experiments 1 and 2. This 
means that, maybe, we made a huge mistake here and that the specimens will break at 
some load in these parts. We really hope this doesn't happen and that the length of the 
specimens are long enough. We will see it with the first test that we do. 
•  
Test 2 - 4_80 HARD 
Description: The estimation of the load is 
done by the observation of the experiment 1. 
The most similar test there was test number 
11, with 4 nails, 30 Ø of end distance and 33 
mm of thickness. So the main difference here 
is that we have more nail distance: we go 
from 42,5 in that case to 80 mm now) and 
that we have hardened nails. In that case the 
expected failure load was 14 KN and the 
observed oad was 13.9. To adjust the 
estimation to the new values we will increase 
the failure load by 5 KN. We expect the failure 
load to increase due to the end distance (by 
the observation of the failure load in the 
experiment 1 we could see that the longer 
nail distance, the higher the failure load) and 
also we expect and increment due to the 
hardened nails. The increased diameter of 
the nails from 3.1 to standard nails 3.4 will 
make the joint stronger. 
side 1: ok 
Side 2: ok 
Center: ok 
Estimated load:  19 KN 
Accepted load: 15,2 – 22,8 KN 
Test: We begin to run the test. The first 8 
seconds are used to adapt the grips. It has 
reached the 40% of the load without any 
noise. It holds the load at 40%. The load 
decreases without any hearable noise. It 
holds the load at 10%. It starts increasing the 
load to 70%. At load 8 KN, there had been no 
noises nor visible cracks. At load 12 KN the 
first extremely silent noises are heard. At 13.3 
the 70% is reached and it changes to 
extension load. At 14.3 KN little noises similar 
to cracks are heard. No splitting is yet 
observed at any point. At 15.6 there had not 
been important noises yet. The same can be 
said at load 16,5 KN.  At 17 KN some cracks 
are heard. And a big one at 17.2 KN. More at 
17.4. At 17.7 more cracks are heard. Failure 
Load is almost reached. At 17,9 KN the failure 
load is reached and it very slowly starts to 
decrease. Now the load is 17.4 KN and the 
test is stopped so we can be able to see the 
shape of the nails at the load and extension 
of failure load. 
Observed Load: 18,22 KN 
Notes: Luckily, the distance between the hole 
and  
 
the end part of the sides resulted to be long 
enough to resist 18 KN. The reinforcement 
screws have, as expected, avoided any 
possibility of splitting. 
IMPORTANT: a little bit of PULL-OUT is 
observed. The side parts seem to be a little 
bit looser than they were before, and the 
heads of the nails are exactly in the correct 
place. Therefore: pull-out. (probably side 1 
more than side 2). 
 
Test 7 - 7_40 TEFLON 
Description: The estimation of the load has 
been done by the observation of test 5, that 
had 7 nails, at 42 mm of space and 30d end 
distance. The difference here, beyond the 
little differences on the end disntace and nail 
distance, are the use of thicker nails. This 
leads us to think that the failure load will be 
not much higher than test 5 of experiment 1 
that was 21 KN but the effect of the Teflon 
reduces now the failure load, so we decide to 
set the same failure load than the observed 
in the other experiment. 
side 1: nails 6 and 7 in a hole. 
Side 2: nail 6 really crooked towards 
7. 
Center: ok 
One of the extrem parts where the 
bar of the grips is (in side 1) has a 
change of LVL layer, and for a gap 
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there is one LVL layer less, making it 
weaker at that point. This is 
potentially negative for our test. 
Estimated load:  21 KN 
Accepted load: 16,8 – 25,2 KN 
Test: The 40% is reached without hearing any 
noise or seeing any crack, and the same 
happens with the 10%. At load 12 KN the first 
little noises are heard, but very weak. At 
13.75 KN a big crack is heard and from that 
one more are following. THE HOLDER HAS 
BROKEN! WE HAVE TO MAKE A NEW 
SPECIMEN AND TEST IT AGAING NEXT 
WEEK!!!!!!! 
Observed Load: 
Notes:  It has broken in side 1, where the lack 
of one layer was observeed. 
 
 
Test 7 - 7_40 TEFLON SAME SPECIMENT BUT 
NOW THE ENDING PART IS REINFORCED WITH 
TWO SCREWS (same type as the general 
reinforcement screws) one at each side at 2.5 
and 3.5 cm of the end of the sides. Only the 
side parts are reinforced this way.  
A new machine is used: in this case we use the 
INSTRON 8521. 
Description: The estimation of the load has 
been done by the observation of test 5, that 
had 7 nails, at 42 mm of space and 30d end 
distance. The difference here, beyond the 
little differences on the end distance and nail 
distance, are the use of thicker nails. This 
leads us to think that the failure load will be 
not much higher than test 5 of experiment 1 
that was 21 KN but the effect of the Teflon 
reduces now the failure load, so we decide to 
set the same failure load than the observed 
in the other experiment.  
side 1: nails 2 is crooked towards 
nail number 3. Nil four is deeper 
than the surface. Naisl 4,5 and 6 
have a hole. 
Side 2: ok 
Center: ok 
Estimated load:  21 KN 
Accepted load: 16,8 – 25,2 KN 
Test: It made a huge crack at the beginning 
and it is making cracking noise all the time at 
the step of 40%. It reached the 40%. It the 
decreasing of the force some little cracks are 
heard. It remains at 10%. It starts increasing 
to 70%. It has reached the 70% and it changes 
to extension control. 
The machine was set to stop at load 16 KN so 
again, this test will have to be repeated. 
 
 
Test 7 - 7_40 TEFLON LAST TIME WE DO IT. 
THIS TIME WE KNOW HOW TO USE THE TEST 
MACHINE, SO IT WILL BE FINE. SAME THINGS 
AS THE SECOND TRIAL. 
Description: The estimation of the load has 
been done by the observation of test 5, that 
had 7 nails, at 42 mm of space and 30d end 
distance. The difference here, beyond the 
little differences on the end distance and nail 
distance, are the use of thicker nails. This 
leads us to think that the failure load will be 
not much higher than test 5 of experiment 1 
that was 21 KN but the effect of the Teflon 
reduces now the failure load, so we decide to 
set the same failure load than the observed 
in the other experiment.  
One difference: in this case different 
reinforcement screws have been used:  
side 1: only nail 7 has a hole. 
Side 2: 1,3,4 in a hole and 6 and 7 
are a little bit deeper. 
Center: it is 1 mm thicker in both 
sides that the side pieces.  
Estimated load:  21 KN 
Accepted load: 16,8 – 25,2 KN 
Test: The test is started. No huge sounds 
when reaching the 40%. It keeps the load at 
40%. Starts to decrease the load to 10%. It is 
maintained at 10%. It starts increasing to 70% 
of the estimated failure load. No big sounds 
heard before reaching the 70%. Now it 
changes to displacement-controlled. It 
reaches 18 KN without making a very 
significant sound. Little cracks are, however, 
heard from the first moment it reached 70%. 
It reaches 19 KN, no cracks heard, no splitting 
of the sides nor anything. At 20 it makes  a 
higher crack. It seems it has reached the 
maximum failure load at around 20,5 KN. 
Probably now it is going to break in the 
holders, but the failure load has been already 
reached. It is decreasing again. When it has 
gone down to 18 KN after a long time, we 
stop the test. 
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Test 9 - 4_40 
Description: The estimation f the load is 
made with the observation of test 11 in the 
experiment 1. With 4 nails, and 40 mm of 
spacing and 30d of end distance. 
side 1: ok 
Side 2: nail 3 in a hole. And nail 4 
half a Ø back towards nail 3. 
Center: ok 
Estimated load:  15 KN 
Accepted load: 12 – 18 KN 
Test: Adjustments with the grips take 30 
seconds. Load has reached 40 and 10% 
without any problem or noise heard. It has 
reached the 70% without noise and it 
changes to extension controlled. At 12.5 KN 
little cracks are heard, but not loud. At 14 KN 
no cracks heard yet. At 15 KN little cracks are 
heard. At 15.7 KN the failure load is reached 
and some constant noises are heard now 
coming from the holder part. The test is 
stopped. 
Observed Load: 16,05 KN 
Notes: The side pieces look a little looser than 
before, but very little. 
 
 
Test 1 - 4_80 
Description: The expected failure load is 
smaller than Test 1 in this experiment, 
because now we use normal nails and before 
we used hardened nails. 
side 1: nail 3 is in a big hole (two 
consecutive air shots that made a 
hole of 1cm depth). Nail 4 in a hole. 
Side 2: nails 1 and 4 half Ø to the 
right. 
Center: ok 
Estimated load:  18 KN 
Accepted load: 14,4 – 21,6 KN 
Test: It reaches the 40 and 10% without any 
noise. It reaches 70% without any noise. At 16 
KN it makes a crack. At 17 KN it reaches the 
failure load and it starts to decrease. We stop 
the test. 
Observed Load:17,35 kn 
Notes: it is not loose this specimen. 
 
Test 8 - 7_40_HARD_TEFLON 
Description: The estimated failure load is 
higher than the expected in test number 2, 
because of the hardened nails used now. 
Side 1: nails 4 and 7 half Ø to the 
right and 5 half Ø to the left. 
Side 2: nails 1 and 4 half Ø to the 
right. 
Center: nothing relevant to mention. 
Estimated load: 22 KN 
Accepted load: 17,6 – 26,4 KN 
Test: It reaches the 40 and 10% without any 
noise. At the load of 70% no noises are yet 
heard. At 17 KN cracks are begun to be heard. 
The load is 22 KN and the noises are 
constantly heard. At 24 KN it has reached the 
failure load. The test is stopped. 
Observed Load: 24,41 
Notes: during the test it looked like it as 
pulling out. But by the look of the head of the 
nails it looks like it has been pulled in. When 
we take it out of the machine it can be crealy 
seen that it has been pulled in in the nails and 
the side parts can not be considered 
separated form the center, so there was not 
pull out, but pull-in. 
 
Test 11 - 4_40_TEFLON 
Description: The estimated load is lower than 
the test number 3 because now we have 
teflon. 
side 1: all nails well nailed in the 
surface. 
Side 2: idem as side 1. 
Center: nothing relevant to mention. 
Estimated load: 15 KN 
Accepted load: 12 – 18 KN 
Test: It reaches the 40% with constant 
adjustment of the piece, as it can be seen in 
the curve obtained. At load 6.6 KN some 
movements on the specimen can be heard. It 
sounds not like cracking but more like 
readjustmen of the pieces with a deaf sound. 
When it reaches the 70% makes a big noise 
and then silence. The test continues without 
making any hard noise and it reaches the 
failure load. 
Observed Load: 
Notes: The specimen seem to be a little bit 
loose but not very much so we could call it 
pull-out.Again the nails seem to be a little bit 
inside, but really very little. 
 
Test 3 - 4_80_TEFLON 
Description: The estimated load is lower than 
the test number 4 because now we have 
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teflon. 
side 1: nail 4 in a hole. 
Side 2: nail 1 in a hole. 
Center: a little bit wider (0,5mm per 
side) than the two side pieces. 
Estimated load: 16 KN 
Accepted load: 12,8 – 19,2 KN 
Test: It reaches the 40 and 10% without any 
noise. It has been a really smooth test. No 
noises until the end, where we could hear 
some little cracks that led to the failure load. 
Observed Load: 
Notes:   
 
Test 10 - 4_40_HARD 
 
Description: The estimated load is similar to 
the test number 3 but now with hardened 
nails. So we expect a little higher load. 
side 1: ok 
Side 2: nail 3 in a hole. And nail 4 
half a Ø back towards nail 3. 
Center: ok 
Estimated load: 17 KN 
Accepted load: 13,6 – 20,4 KN 
Test: In this test there were a lot of noises at 
the 40% step. And when at the 70% step, it 
reaches the 40% again, the noises start again. 
Noises are heard from time to time after 
reaching the 70%. However, no splitting or big 
splitting noise is heard. At load 16.5 KN 
splitting noises are heard. At 17.35 KN it looks 
like it has reached the failure load. 
Observed Load: 
Notes: 
 
Test 6 - 7_40_HARD 
Description: The estimated load is higher 
than test 4, because now we don't have 
TEFLON. 
side 1: nail 4 really, really bad. It is in 
a big hole and at least 2 layers inside 
the wood. 
Side 2: ok 
Center: ok 
Estimated load: 25 KN 
Accepted load: 20 – 30 KN 
Test: It reaches the 40 and 10% without any 
noise. At 17.5 KN it starts making some 
cracking noise, with the 70% change. From 
this point on we have heard some cracks from 
time to time, but not a very loud crack yet at 
25 KN. At 26 KN a big crack is heard and from 
that point on a constant noise of braking 
wood. Suddenly at 26.5 KN the holder breaks. 
Observed Load: 
Notes: 
 
 
Test 6 - 7_40_HARD SAME SPECIMENT BUT 
NOW THE ENDING PART IS REINFORCED WITH 
TWO SCREWS (same type as the general 
reinforcement screws) one at each side at 2.5 
and 3.5 cm of the end of the sides. Only the 
side parts are reinforced this way.  
A new machine is used: in this case we use the 
INSTRON 8521. 
Description: The estimated load is higher 
than test 4, because now we don't have 
TEFLON. We could have said 35 as said at the 
first time we did this test, but we have just 
done test 5:7:40 and it has been 29, therefore 
we decide to put 30. However at that high low 
is very probable that the specimen breaks 
again in the holders. 
side 1: nail 2 and 5 are in a hole  
Side 2: ok 
Center: ok 
Estimated load: 30 KN 
Accepted load: 24 – 36 KN 
Test: We run the test until approximately the 
20% of the load, and it stopped. Then we 
reduced the load until the 0 and we started 
again with the problem that caused the stop 
solved. Now it is reaching to 40%. No cracks 
nor noises. It is decreasing to 10% now. At 
70% makes the change and now at 
1.5mm/min it starts to make some noises. 
When the failure load is reached the holder 
part breaks. 
Observed Load: 
Notes: 
 
 
Test 12 - 4_40_HARD_TEFLON 
Description: The estimation of the load is 
done by the observation of tests 3, 6 and 8. 
We expect less load than test 8 due to the 
teflon. 
side 1: all ok. 
Side 2: first layer seems to be 
cracked all along the length of the 
piece at the center width. Nail 2 is in 
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a hole and a little bit deep. 
Center: ok 
Estimated load: 15 KN 
Accepted load: 12 – 18 KN 
Test: It reaches the 40% making a lot of 
adjustments and noise. It has probably 
something to do with the fact that some of 
the pieces used were cut some months ago, 
because it has been seen during all this tests 
of experiment 3 that whenever a piece of the 
specimen was “old” it made more noise than 
if the piece was cut last week. When loading, 
at aproximatelly 8 KN it starts to make noises, 
just as it made noises before reaching the 
40%. A crack is heard when changing to 
extension control. At load 12 KN it starts 
making noise as if it was breaking all the time 
and when it reaches 14 KN it has almost 
reached the failure load. We stop the test. 
Observed Load: 
Notes: PULL OUT CAN BE OBSERVED 
(specially from the side 2). 
 
Test 5 - 7_40 
Description: The estimation of the load is 
done by the observation of tests 9 and 5. We 
expect to have lower values than test 5 and 
similar to the expected at test 2. It was 
extremely difficult to put the cylinder bar in 
the upper holder because the two holes were 
misaligned. 
side 1: nails 2 and 4 in a hole. 
Side 2: nail 1 in a hole. 
Center: ok 
Estimated load: 21 KN 
Accepted load: 16,8 – 25,2 KN 
Test: It reaches the 40 and 10% without any 
noise. At load 13 KN it has not made any noise 
yet. At 15,5 KN there is a little crack and a 
change of the slope is visible (it is the 70% 
change). At 19 KN it makes a crack and a 
continuous noise from that point on. Seems 
like it's going to break in the holder. At 21 KN 
it still makes the noise. At 23 KN it makes 
another big crack and more continuous noise. 
At 24 it breaks in the holder. 
Observed Load: 
Notes: 
 
 
Test 5 - 7_40 SAME SPECIMENT BUT NOW THE 
ENDING PART IS REINFORCED WITH TWO 
SCREWS (same type as the general 
reinforcement screws) one at each side at 2.5 
and 3.5 cm of the end of the sides. Only the 
side parts are reinforced this way.  
A new machine is used: in this case we use the 
INSTRON 8521. 
Description: The estimation of the load is 
done by the observation of tests 9 and 5. We 
expect to have lower values than test 5 and 
similar to the expected at test 2. 
side 1: nails 2, 3 and 6 with a hole. . 
Side 2: nails 2 and 4 in a hole 
Center: ok 
Estimated load: 21 KN 
Accepted load: 16,8 – 25,2 KN 
Test: it reached the 40% and the 10% without 
any noise. It starts to reach to 70%. It reaches 
it without noise. At load 20 it makes the first 
cracking noise. At 25 it has made a crack 
again. At 27 starts to make many noises in 
short period of time. At almost 29 KN the 
holder part has broken AGAIN. However, the 
maximum was already reached (it can be 
seen in the curve). 
Observed Load: 
 
 
Test 4 - 4_80_HARD_TEFLON 
Description: The estimation of the load is 
done by the observation of tests 1, 4 and 7. 
side 1: nails 2 and 4 in a hole. 
Side 2: nail 1 in a hole. 
Center: ok 
Estimated load: 16 KN 
Accepted load: 12,8 – 19,2 KN 
Test: It reaches the 40 and 10% without any 
noise. Very smooth test. No cracks or noises 
during the whole test. It reaches thefailure 
load at 16 KN as expecteed. 
Observed Load: 
Notes: 
 
Test 13 –  4_80_d=3,1 mm 
Description: The estimation is based on the 
test number 4 that has the same 
configuration but thicker nails. We expect a 
little lower failure load than test number 4. 
side 1: the nails 1 and 2 are in a 
hole. 
Side 2: nail 1 in a hole, nail 2 a little 
deep and nail 3 half Ø to the right. 
Center: a little bit wider (0,5mm per 
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side) than the two side pieces. 
Estimated load: 16 KN 
Accepted load: 12,8 – 19,2 
Test: It reaches the 40 and 10% without any 
noise. It is a smooth test. Some noises are 
heard when it reaches the 70% and changes 
to extension controlled. At 13 KN some noises 
are heard and it already looks like the 
specimen is reaching its failure load. It has 
smoothly reached the failure load and it 
begins to decrease. The test is stopped. 
Observed Load: 
Notes: No pull out or in. 
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A.5 Observations Embedment experiment 
 The upper and lower side of the LVL have split after the first test. A second test is run in the 
same face as the first one, to see it the splitting has any effect in the result. In case positive, 
we will not be able to do more than one test in one face. The second time that we have done 
it the value has decreased, so it is feasible that it affects. We run it a third time to see if now 
it decreases even more. 
 What I have decided to do is the following: Test 5.1, 5.2 and 5.3 with three runs in the same 
face, and see if all of them match together with the order of the test. Now the first test in a 
new piece is even lower than the last piece in the first face, so maybe it is the nail that is 
getting smoother timer after time. Not getting a good conclusion lets now compare the effect 
on transversal and longitudinal. We decide also to reduce to half a centimeter per minute.  
 When we did the 10 degrees we did longitudinal. It gave us more or less good results (5 KN 
of average) and when we did transversal it gave us good results but less. Which means: the 
test have to be done at this velocity (half mm per minute) and then we have to do the,, I 
guess longitudinal, even though it was when we did them longitudinally that gave us the 
curves that Staffan said we would get. 
 What we have observed is that when the nail is pushed in the wood specimen, if the wood is 
not stiff enough, to nail holder reaches the wood. When the nail is completely inside the 
wood, it breaks in the fiber direction and therefore the wood touches the nail holder, inducing 
friction, and so it is not completely correct. 
 This led us to be able only to find the stress and maximum stress, which we hope is going to 
be enough. Again: we hope that the stress reaches the maximum before the nail touches the 
nail holder. This way we will be able to find the maximum stress that the wood specimen can 
bear and from this one we can find the max strength as well. 
 
o 85 degrees threaded: split. 
o 45 degrees screw: friction is 
present. 
o 80 degrees threaded: friction 
o 75 degrees smooth: nothing 
relevant to be noted. 
o 70 degrees thread: when it went 
completely inside, it started to 
increase the load. 
o 90 degrees screw: when it looked 
like it was about to reach the failure 
load,  layer thick as the screw has 
cracked and suddenly the load has 
started to increase with a bigger 
slope. It has been stopped as it is 
considered that this long last part of 
the curve is not relevant. 
o 85 degrees smooth: When it 
changes of slope due to the friction 
and cracking, we stop the test. The 
data after cracking is irrelevant for 
the aim of this stuff. 
o 65 degrees threaded: the nail is 
really deep inside when we stop the 
test even though the curve has not 
changed as much as the other 
curves when the nail went inside the 
wood. 
o 65 degrees smooth: the test 
behaved as the previous ones 
o 80 degrees smooth: at 4.1KN the nail 
holder touches the wood, and it is 
splitting in the fiber direction. We 
stop the test. 
o 30 degrees screw: When the 
increasing started, the test was 
stopped. 
o 90 degrees thread: when it touched 
the nail holder the test was stopped. 
o 70 degrees smooth: the sae as the 
others. 
o 60 degrees thread: we stoped the 
test right after the load started 
increasing. 
o 90 degrees smooth: the test was 
stopped after a while of touching 
with the specimen and the holder. 
o 60 degrees screw: same 
o 75 degrees thread: idem 
o 60 degrees smooth; idem 
o 30 degrees screw (2): the test is 
stopped at the touch. 
KINETICS OF MECHANICAL CONNECTIONS IN WOOD STRUCTURES 
xxvi 
 
o 90 degrees screw (2): idem 
o 45 degrees screw (2): idem 
o 90 degrees screw (3):idem 
o 60 degrees screw (2): ideam 
o 30 degrees screw (3):it can be 
observed specially in this test a 
fenomena that has happened as 
well in other screw test. This is that 
after apparently reaching the failure 
load, it increases again in a very high 
slope and smoothly enough to think 
that this was something expected. 
However, in the specimen it can be 
seen that when the nail has gone 
completely inside the wood, the 
wood (proportionally deformed) 
goes back to its original position, 
and therefore, the nail holder 
presses not only the screw but also 
the wood, which provoques that the 
test is no longer and embedment 
test but a compression test of a 
woof speciment with a screw in it. 
o 45 degrees screw (3): idem 
o 60 degrees screw (3): ídem 
 
 
OBSERVATIONS ON THE DOWELS 
 Tests done in 0, 30, 45; 60 and 90 degrees. 
 Thicknesses of the dowels: 
Medium: 5.9 mm 
Thick: 9.9 mm 
 It is observed in all the tests that the specimen breaks. Most likely this is due to the dimensions 
of the specimens compared to the thicknesses of the dowels. Therefore, the most important 
part of the test are the ones before the specimen breaking. This can be seen in the curve by 
the change of slope. When the first crack in the specimen appears, the load increases and 
then the slope increases a little and the smoothness is lost and the curve starts to vary all the 
time, although continuously increasing. 
 
 
0 degrees MS: it quickly reached the failure 
load and it suddenly splittled in half 
90 degrees MS: sounds like cracking all the 
time 
At almost 7 KN it has cracked and the load 
has decreased a little. It has broken when it 
was loading and the curve has changed. 
60 degrees TT: When it had over 8 KN it 
started to split and again, there must be 
more friction or something, because now 
increases the load. Is is surprising because 
even though it is splitting and breaking 
during the test, it still increases the load 
needed. However the increment is not as 
smooth as it would be expected. After a 
while, it touches the nail holder and it 
changes the curve. We stop the test at this 
point. It has been decided to increase the 
velocity of the test: from 0,5 mm/min to 1 
mm/min. 
0 degrees MT: As happened before, the 0 
degrees has split just after reaching the 
maximum failure load. 
30 degrees MT: At almost 9 KN it has broken. 
45 degrees MT:  This is the first test that 
doesn't touch the nail holder. The load 
increased surprisingly at one point. After 
that, the load decreased clearly indicating 
the failure. 
IMPORTANT OBSERVATION: the specimen 
BENDS in the Fiber Degree as the dowel goes 
deep. 
It is taking 15 minuts per test, so the speed 
is incresed again to 1.5 mm/min. 
45 degrees MS: It has happened the same as 
the last test. It reaches one point where the 
load increases incredibly high and fast and 
then the specimen is broken. 2 options: it 
comes from a knot (extremely strong one) or 
it is a consequence of the decreasing 
amount of wood matter between the dowel 
and the plate above. Maybe there is some 
kind of effect when reducing the area due to 
reordenation of fibers, or they are somehow 
unabled to move or something explainable 
with a strutural analysis. 
The specimen has broken in two parts. 
30 degrees TT: The specimen has broken 
quicknly and suddenly. 
90 degrees TT: It makes a lot of cracking 
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noise. It also creates cracks at the fiber 
direction. And even though there is a big 
crack it is still increasing the load. It is 
observable how the wood has crashed in the 
fiber direction for many many points, giving 
at the end a piece cracked all along its width 
many times. 
60 degrees MT: In the line with the previous 
ones. Nothing relevantly different. 
30 degrees MS: In this case the curve done is 
different than the majority, instead of 
increasing the load when it seemed that it 
was going to reach the failure load, in this 
case it hold it there and then decrease. This 
was actually the behavior that we were 
expecting for all the specimens and that we 
didn't get. 
THE OBSERVATION OF THIS CURVE GIVES US 
THE CONCLUSION THAT THE HARDENED 
EFFECT IS DUE TO THE COMPLETE FAILURE 
AND MUST HAE SOMEHTING TO DO WITH 
TEH DISPOSITION OF THE SPECIMEN 
BETWEEN THE PLATES AND WITH THE 
DOWEL, but not with the wood, whic is what 
e study. So, it is decidede that the specimens 
will be stopped sooner from now on. We 
won´t let them go until they finally break, but 
we will stop them when they crack. 
45 degrees TS: The specimen pushed the 
hoder out as it can be seen in the picture. 
The test is stopped. 
60 degrees MS: it has been stopped after a 
while because we have realized that when 
the nail is all inside it sops being an 
embedment test and transforms to a 
compression test of the wood, and this is not 
what e are looking for. The embedment is 
already done when this starts. 
45 degrees MT: When it seemed to reach the 
failure load it cracked loudly and then the 
load started to increase again. So we 
stopped the test there, because at that point 
we understand that it stopped being 
embeded. 
0 degrees TT: it has quickly reached the 
failure load and start to decrease. 
30 degrees TS: It has reached the failure load 
and then decreased. 
90 degrees MT: It has reached the failure liad 
and then it seemed to increase again, so we 
stopped it as we could see that the 
embedment was over. 
0 degrees TS: It has quickly reached the 
failure load and then broken and reduced 
almost to 0 KN. The specimen is broken in 
half (following the fiber direction). 
60 degrees TS: When it reached the failure 
load it did some cracks and it starte to 
increase the load again. After a while, it had 
a huge crack in the direction of the fibers and 
the load decreased drastically. 
90 degrees TS: It makes several loud cracks 
during the test. It is cracking several times in 
the direction of the fibers, but load doesn’t 
decrease. The problem with the specimens 
at 90 degrees is that due to this direction of 
the fibers, the layers dont break, but bend 
towards the dowel and even though the 
ending parts of the layers break separate 
from one another, the center part part of the 
speciment in contact with the dowel, 
compacts the layers, crashes the tracheids 
and gets stronger and stronger all the time. 
That's why it takes sooo long until it 
definitely collapses. 
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A.6 Sketches of the specimens 
In this section is presented the sketch of the specimen followed for the lateral load capacity 
experiment. The width of the wood was constant and the diameter of the hole a consequence 
of the metal grips used. 2 sizes per each series were decided. The dimensions of the specimens 
are presented in the table. 
 
 
 
End distance Row length Side Thickness A B 
     
SERIES A     
     
Side Members     
15·d, 30·d 255 33, 39 110 610 
15·d, 30·d 127.5, 117.7 33, 39 110 480 
Center Members     
15·d; 30·d 255 51 130 640 
15·d; 30·d 127.5, 117.7 51 130 510 
     
SERIES B     
     
Side Members     
100 mm 180 39 110 510 
100 mm 90 39 110 420 
Center Members     
100 mm 180 51 130 510 
100 mm 90 51 130 420 
     
SERIES C     
     
Side Members     
30·d 240 33 110 560 
30·d 120 33 110 440 
Center Members     
30·d 240 51 130 630 
30·d 120 51 130 510 
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A.7 Adjustment of the load extension curves 
This is the specific example of the test 15d_33_7_42.5. In the first chart, the curve obtained 
directly from the test is shown. In it, the first steps of the scheme aimed to eliminate residual 
tensions inside the wood specimen as well as the interruption occurred in the shift from load-
controlled to extension controlled can be observed. The second chart show a closer look in the 
interruption at 70% of the estimated failure load. It shows the two regression lines and the 
distance between the two steps. The third one show the final curve obtained after both 
adjustments are made. 
Initial Curve 
 
70% failure load interruption 
 
Final Curve 
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A.8 Density and Moisture content of lateral load capacity Experiment. Statistical analysis 
In the table below are presented the measurements of the density, moisture content and dry 
mass first for side 1, then for side 2 and finally for the center member of the specimens. After 
the table, a statistical analysis of the measurements is shown in which the distribution of the 
variables and the t-Student calculation is shown. 
SIDE 1 
LENGTHS (mm) MASS 
(Kg) 
DENSITY 
(Kg/m3) 
MASS 0 
(Kg) 
M.C. (%) 
1 1’ 2 2’ 3 3’ 
SERIES A (For Series A, the densities are presented in the same order as the tests were realized in practice) 
1 15d337255 34,1 34,2 70,5 70,7 14,8 14,8 17,5 490,3 15,9 10,0 
17 30d3914255 38,9 38,8 69,0 69,3 16,0 15,8 21,2 496,0 19,3 9,7 
9 15dR334127 34,1 34,1 69,8 69,7 15,7 15,7 19,5 522,3 17,7 10,1 
22 15d397117 38,4 38,5 71,2 71,1 15,8 16,0 21,8 500,7 19,8 9,7 
2 30d337255 33,8 33,7 71,6 71,7 16,3 15,9 19,4 497,7 17,8 9,2 
18 15dR3914255 39,8 39,7 71,0 70,6 16,0 16,1 22,6 501,1 20,7 9,6 
7 15d334127 34,0 33,7 68,5 69,0 16,0 15,9 17,6 474,5 16,0 9,8 
23 30d397117 38,8 38,9 69,0 68,9 15,7 15,7 21,4 508,9 19,7 8,9 
3 15dR337255 33,7 33,7 69,9 69,8 15,5 15,7 18,1 492,2 16,5 9,5 
16 15d3914255 40,0 39,9 70,8 70,7 15,5 15,5 21,7 497,2 19,7 10,1 
8 30d334127 34,1 34,2 70,2 70,3 15,5 15,5 18,3 493,4 16,6 10,2 
24 15dR397117 39,6 39,7 70,2 69,8 15,8 15,8 21,2 483,8 19,3 9,8 
13 15d397255 39,5 39,8 68,9 69,4 15,5 16,0 21,4 496,3 19,6 9,2 
5 30d3314255 33,6 33,6 71,3 71,1 15,6 15,6 17,5 469,9 16,0 9,6 
21 15dR394127 39,5 39,2 70,3 70,3 15,7 15,8 22,4 515,7 20,4 10,1 
10 15d337117 33,7 33,7 70,3 70,1 15,8 16,1 18,2 483,0 16,6 9,7 
14 30d397255 39,8 39,8 68,9 69,0 15,8 15,7 21,2 489,9 19,4 9,4 
6 15dR3314255 33,8 33,9 70,1 70,1 15,8 15,7 17,9 478,6 16,3 9,6 
19 15d394127 38,1 38,4 70,1 70,0 15,5 15,5 21,4 514,8 19,4 10,0 
11 30d337117 34,3 34,2 70,4 70,2 15,9 15,5 18,6 493,3 16,9 10,2 
15 15dR397255 40,1 39,9 70,1 70,2 15,4 15,5 21,0 484,7 19,0 10,5 
4 15d3314255 34,1 34,0 69,8 69,9 15,3 15,3 18,7 514,0 17,1 9,5 
12 30d394127 39,6 39,6 70,5 70,6 16,0 16,0 21,1 473,6 19,3 9,5 
20 15dR337117 34,1 34,0 70,3 70,3 15,9 16,0 18,7 491,0 17,0 9,6 
SERIES B            
1 4_30 39,6 39,6 70,3 70,3 15,9 15,8 20,9 472,3 19,1 9,6 
2 4_30_Teflon 39,5 39,7 70,2 70,3 15,6 15,6 24,5 564,3 19,3 26,8 
3 4_30_Reduced Thread 38,5 38,5 70,3 70,5 15,7 15,8 21,2 498,2 19,5 8,5 
4 4_30_Reduced Thread_Teflon 39,1 38,6 69,4 69,6 15,5 15,6 20,0 477,6 18,2 10,2 
5 4_60 39,3 39,5 68,8 70,0 16,0 16,0 21,0 479,8 19,1 9,5 
6 4_60_Teflon 38,8 38,7 69,9 69,4 15,6 15,7 20,6 489,1 18,8 9,8 
7 4_60_Reduced Thread 39,1 38,9 69,9 69,9 15,8 15,7 20,7 483,8 18,9 9,7 
8 4_60_Reduced Thread_Teflon 38,8 39,0 69,3 69,6 15,8 15,8 21,4 500,9 19,4 10,1 
9 7_30 38,6 39,0 70,2 69,7 16,3 16,1 21,2 482,2 19,2 10,1 
10 7_30_Teflon 38,6 38,6 69,7 70,3 15,8 15,9 21,1 492,0 19,2 9,9 
11 7_30_Reduced Thread 39,3 39,5 69,9 70,2 15,9 15,8 21,1 483,7 19,1 10,3 
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12 7_30_Reduced Thread_Teflon 38,7 38,2 72,0 72,4 15,9 15,7 21,6 493,6 19,7 10,1 
13 4_30_Thickness 33 mm        #¡DIV/0!  #¡DIV/0! 
SERIES C            
1 4_80 70,0 70,2 33,6 33,7 14,9 14,9 17,7 504,7 16,0 10,8 
2 4_80_HARD 69,9 69,9 33,3 33,2 14,6 14,9 16,8 490,7 15,2 11,0 
3 4_80_TEFLON 70,1 69,9 32,5 32,9 14,8 14,9 18,0 530,9 16,3 10,7 
4 4_80_HARD_TEFLON 70,0 69,9 33,7 33,7 14,8 14,8 17,0 485,8 15,3 11,1 
5 7_40 70,5 70,8 34,0 34,1 15,0 15,1 19,1 530,3 17,3 10,5 
6 7_40_HARD 70,6 70,6 33,8 33,6 14,8 14,8 17,7 503,1 16,0 10,8 
7 7_40_TEFLON 71,8 71,5 34,7 35,3 15,1 15,2 19,7 517,3 17,7 11,0 
8 7_40_HARD_TEFLON 70,9 70,7 34,0 33,9 14,9 14,9 16,9 473,4 15,3 10,5 
9 4_40 69,9 69,8 33,7 33,6 14,8 14,7 17,3 500,6 15,7 10,6 
10 4_40_HARD 70,0 70,1 32,4 33,4 14,8 14,9 16,6 485,8 15,0 10,7 
11 4_40_TEFLON 72,0 72,2 33,8 33,8 14,7 14,8 18,2 505,4 16,5 10,2 
12 4_40_HARD_TEFLON 71,9 71,7 33,8 33,8 14,9 15,0 18,6 513,3 16,9 10,5 
13 4_80_3.1mm nail        #¡DIV/0!  #¡DIV/0! 
            
SIDE 2 
LENGTHS MASS 
(Kg) 
DENSITY 
(Kg/m3) 
MASS 0 
(Kg) 
M.C. (%) 
1,0 2,0 3,0 4,0 5,0 6,0 
SERIES A (For Series A, the densities are presented in the same order as the tests were realized in practice) 
1 15d337255 34,1 34,1 70,3 70,4 14,9 14,8 18,0 503,8 16,4 9,6 
17 30d3914255 38,7 38,7 69,9 69,8 16,0 15,7 20,7 481,9 18,8 9,8 
9 15dR334127 33,5 33,7 70,1 70,2 15,4 15,2 18,0 500,1 16,5 9,4 
22 15d397117 39,6 39,6 70,2 70,3 15,0 14,7 20,1 487,7 18,3 9,7 
2 30d337255 33,8 33,7 71,7 71,6 15,6 15,6 19,1 505,5 17,4 9,9 
18 15dR3914255 39,3 39,3 70,9 70,5 15,8 15,8 22,2 506,5 20,2 9,8 
7 15d334127 34,1 33,8 70,8 71,0 15,7 15,6 18,3 485,9 16,7 9,6 
23 30d397117 39,0 39,1 68,6 68,7 15,8 15,8 21,6 510,8 19,7 10,0 
3 15dR337255 33,9 34,0 70,6 70,6 15,7 15,8 17,4 459,8 15,8 9,9 
16 15d3914255 39,4 39,2 70,1 70,0 15,8 15,8 20,9 480,7 19,0 10,0 
8 30d334127 33,9 33,5 68,7 69,3 15,6 15,6 17,6 486,1 16,0 9,7 
24 15dR397117 39,9 40,1 68,9 68,9 16,0 16,1 20,3 459,5 18,6 9,4 
13 15d397255 38,9 39,2 68,9 69,1 15,7 15,4 20,5 490,4 18,7 9,7 
5 30d3314255 33,9 33,9 72,0 72,0 16,0 16,2 20,4 517,0 18,6 9,7 
21 15dR394127 39,7 39,8 68,7 68,8 15,2 15,3 20,0 479,0 18,2 9,5 
10 15d337117 33,7 33,8 69,5 69,6 15,9 16,2 18,4 490,6 16,8 10,0 
14 30d397255 39,4 39,4 69,9 70,3 16,1 16,0 23,7 535,8 21,6 9,8 
6 15dR3314255 33,3 33,1 70,1 70,2 15,6 15,8 17,8 485,4 16,3 9,3 
19 15d394127 38,5 38,6 70,0 70,3 15,9 15,7 20,5 480,6 18,7 9,7 
11 30d337117 34,1 34,0 69,1 69,2 15,8 15,8 17,4 469,2 15,9 9,8 
15 15dR397255 39,0 38,6 69,5 69,8 15,1 15,3 20,3 495,3 18,5 10,0 
4 15d3314255 33,8 34,1 72,0 72,0 15,6 15,4 19,8 522,1 18,0 9,9 
12 30d394127 39,6 39,5 69,7 70,0 15,7 15,9 21,5 490,7 19,7 9,3 
20 15dR337117 34,0 34,1 70,1 70,0 15,8 15,8 18,5 490,0 16,8 10,1 
SERIES B            
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1 4_30 40,0 39,6 70,6 70,4 16,5 16,1 22,2 485,9 20,3 9,6 
2 4_30_Teflon 39,5 39,6 70,4 70,5 15,7 15,5 21,1 486,3 19,7 7,1 
3 4_30_Reduced Thread 39,4 39,4 70,3 70,4 15,9 16,2 21,7 488,9 19,3 12,3 
4 4_30_Reduced Thread_Teflon 38,9 38,9 70,0 70,0 16,0 15,9 20,7 475,5 18,8 9,7 
5 4_60 38,3 38,4 69,8 70,1 15,9 15,9 21,1 495,2 19,3 9,5 
6 4_60_Teflon 39,2 39,2 70,3 70,1 15,7 15,6 21,2 492,3 19,2 10,6 
7 4_60_Reduced Thread 39,1 39,0 70,1 70,2 15,6 15,6 21,1 493,8 19,3 9,7 
8 4_60_Reduced Thread_Teflon 38,9 38,9 69,6 70,0 15,8 16,1 21,7 501,8 19,8 9,8 
9 7_30 39,1 39,1 69,9 69,8 15,7 15,7 21,2 495,6 19,3 9,7 
10 7_30_Teflon 39,2 38,9 70,2 69,9 15,7 15,8 20,8 483,1 18,7 11,2 
11 7_30_Reduced Thread 38,6 38,5 70,0 69,8 16,0 15,9 20,6 479,1 18,9 8,7 
12 7_30_Reduced Thread_Teflon 38,0 38,7 72,4 72,1 15,9 15,8 21,6 491,6 19,6 10,0 
13 4_30_Thickness 45 mm        #¡DIV/0!  #¡DIV/0! 
14 4_30_Thickness 33 mm        #¡DIV/0!  #¡DIV/0! 
SERIES C            
1 4_80 69,9 69,9 33,7 33,6 14,8 15,0 16,7 476,3 15,1 10,5 
2 4_80_HARD 70,0 70,1 33,3 33,1 14,9 14,8 17,0 491,8 15,4 10,6 
3 4_80_TEFLON 70,2 70,4 33,8 33,3 14,8 14,9 17,2 491,6 15,6 10,3 
4 4_80_HARD_TEFLON 70,7 70,6 33,5 33,4 14,8 14,9 17,3 494,5 15,7 10,6 
5 7_40 70,6 70,3 33,7 33,9 14,6 14,6 17,4 500,3 15,8 10,3 
6 7_40_HARD 70,1 70,1 33,9 33,8 14,8 14,8 17,8 507,1 16,1 10,5 
7 7_40_TEFLON        #¡DIV/0!  #¡DIV/0! 
8 7_40_HARD_TEFLON 69,9 69,7 33,4 33,6 14,8 14,9 16,8 485,8 15,2 10,5 
9 4_40 70,3 69,9 33,7 33,5 14,8 14,8 17,1 491,8 15,5 10,5 
10 4_40_HARD 70,7 70,5 33,8 32,9 14,6 14,7 17,1 496,7 15,5 10,5 
11 4_40_TEFLON 71,7 71,5 33,6 33,9 14,7 14,7 17,5 491,3 15,9 10,4 
12 4_40_HARD_TEFLON 72,0 71,8 33,5 33,5 14,7 14,7 16,6 468,3 15,0 10,3 
13 4_80_3.1mm nail        #¡DIV/0!  #¡DIV/0! 
            
CENTER PIECE 
LENGTHS 
MASS DENSITY MASS 0 M.C. 
1,0 2,0 3,0 4,0 5,0 6,0 
SERIES A (For Series A, the densities are presented in the same order as the tests were realized in practice) 
1 15d337255 50,7 50,6 72,4 72,4 15,0 15,0 28,2 512,4 25,6 10,2 
17 30d3914255 50,9 50,9 71,0 71,0 15,9 16,0 29,7 515,4 27,1 9,6 
9 15dR334127 49,8 50,0 69,9 70,1 15,6 15,5 27,5 507,5 25,1 9,7 
22 15d397117 50,9 50,9 68,9 68,9 15,2 15,4 27,7 515,6 25,3 9,6 
2 30d337255 50,9 51,0 70,9 71,2 15,8 15,9 29,3 510,4 26,7 9,9 
18 15dR3914255 50,9 51,0 69,7 69,6 15,9 16,1 27,8 489,6 25,2 10,3 
7 15d334127 50,9 51,0 69,3 69,5 15,7 15,9 27,4 491,5 24,9 10,0 
23 30d397117 50,8 50,8 69,2 69,2 15,9 15,7 28,7 517,5 26,2 9,6 
3 15dR337255 51,3 51,2 72,6 72,6 15,7 15,7 29,8 510,1 27,0 10,4 
16 15d3914255 50,8 51,0 74,0 73,9 15,5 15,7 30,5 520,2 27,7 10,2 
8 30d334127 51,1 51,0 69,3 69,5 15,6 15,5 27,7 503,7 25,2 9,7 
24 15dR397117 50,9 51,0 70,8 70,5 15,6 15,7 29,9 530,7 26,3 14,0 
13 15d397255 51,0 50,9 69,8 70,2 15,7 15,7 28,8 514,3 26,1 10,4 
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5 30d3314255 50,4 50,6 75,0 75,1 15,8 15,6 30,0 504,1 27,3 10,1 
21 15dR394127 51,0 50,9 69,4 69,0 15,5 15,7 28,3 514,9 25,8 9,8 
10 15d337117 50,7 50,8 68,7 69,2 16,0 16,0 27,5 491,3 25,0 10,0 
14 30d397255 51,0 50,8 70,9 71,1 15,8 15,9 29,2 509,3 26,6 10,0 
6 15dR3314255 50,5 50,7 72,1 71,9 15,8 15,6 28,7 500,6 26,0 10,2 
19 15d394127 50,4 50,5 68,9 69,1 16,0 16,0 27,8 498,9 25,4 9,7 
11 30d337117 50,8 50,9 68,9 68,9 15,7 15,7 28,1 511,3 25,6 9,9 
15 15dR397255 51,0 50,8 69,2 69,3 15,4 15,1 27,3 507,1 24,9 9,5 
4 15d3314255 50,8 51,0 72,8 72,9 15,3 15,4 30,0 528,1 27,4 9,6 
12 30d394127 50,7 51,0 70,4 70,3 15,8 16,0 30,3 532,3 27,6 10,0 
20 15dR337117 50,7 50,7 69,4 69,5 15,8 15,8 29,1 522,8 26,4 10,0 
SERIES B            
1 4_30 50,7 50,9 70,5 70,6 15,9 16,2 28,4 492,7 25,8 10,1 
2 4_30_Teflon 51,2 51,4 70,8 70,9 15,6 15,6 27,6 485,8 27,3 1,0 
3 4_30_Reduced Thread 50,8 50,8 71,3 71,2 15,9 15,9 29,9 519,8 25,1 19,1 
4 4_30_Reduced Thread_Teflon 50,7 50,9 69,2 69,2 15,7 15,9 28,2 507,1 25,6 10,0 
5 4_60 50,8 50,7 70,9 70,9 15,9 16,0 28,7 501,8 26,2 9,8 
6 4_60_Teflon 51,0 50,9 70,6 70,8 15,6 15,8 28,7 507,9 26,1 10,0 
7 4_60_Reduced Thread 50,0 50,1 72,8 73,0 15,7 15,7 28,7 502,3 26,1 10,0 
8 4_60_Reduced Thread_Teflon 50,9 51,0 70,6 70,4 16,1 16,0 28,1 486,7 25,6 9,7 
9 7_30 50,1 50,0 72,8 72,9 16,0 15,9 28,8 496,3 26,3 9,7 
10 7_30_Teflon 49,8 49,9 72,3 72,5 16,0 15,8 29,2 509,8 26,7 9,2 
11 7_30_Reduced Thread 49,9 50,0 73,0 73,3 15,8 16,0 29,4 506,5 26,6 10,7 
12 7_30_Reduced Thread_Teflon 50,9 51,0 70,7 70,8 15,9 15,9 29,2 510,7 26,6 9,9 
13 4_30_Thickness 45 mm        #¡DIV/0!  #¡DIV/0! 
14 4_30_Thickness 33 mm        #¡DIV/0!  #¡DIV/0! 
SERIES C            
1 4_80 70,5 70,7 50,3 50,3 15,0 14,9 27,3 514,2 25,0 9,3 
2 4_80_HARD 70,1 70,5 49,9 49,8 14,9 14,9 26,0 498,4 23,7 9,5 
3 4_80_TEFLON 71,9 71,8 49,9 49,9 14,9 15,0 27,5 513,8 25,0 9,8 
4 4_80_HARD_TEFLON 70,5 70,3 50,1 50,3 14,9 15,0 26,9 509,6 24,4 10,1 
5 7_40 70,4 70,1 50,6 50,8 15,0 15,1 25,8 482,9 23,4 10,3 
6 7_40_HARD 70,8 70,7 51,2 51,5 14,7 14,8 26,2 488,8 23,8 10,2 
7 7_40_TEFLON 0,0 0,0 0,0 0,0 0,0 0,0 0,0 #¡DIV/0! 0,0 #¡DIV/0! 
8 7_40_HARD_TEFLON 71,3 71,8 50,2 50,4 14,8 14,9 26,9 504,4 24,5 10,0 
9 4_40 69,3 69,2 50,8 50,7 14,7 14,8 26,6 512,3 24,0 10,7 
10 4_40_HARD 70,9 71,0 51,3 51,1 15,0 14,7 26,1 484,9 23,6 10,5 
11 4_40_TEFLON 70,7 70,7 50,6 50,8 14,7 14,7 25,5 484,8 23,1 10,5 
12 4_40_HARD_TEFLON 70,7 71,0 51,1 51,2 14,9 14,8 25,9 481,8 23,5 10,3 
13 4_80_3.1mm nail        #¡DIV/0!  #¡DIV/0! 
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Statistical Analysis 
The normality of the density in the three series has been studied. A t-Student test has been done 
to analyze the equality of the density in the 3 different sizes of member. The results show that 
the density for the sides member is significantly lower than that of the center members, and 
that density of 33 mm is the same than for 39 mm. In the appendix is shown the histograms of 
the normality of the side members and the side members and the results of the t-Students. 
 
DENSITY 
Side members  
 
Center members 
            
t-Student analysis
SIDE PIECES VS CENTER PIECES MEAN VALUE 
t-Test: Two-Sample Assuming Equal Variances 
   
  Sides 1 and 2 Center 
Mean 493,6006407 504,9936709 
Variance 266,2887762 177,2568638 
Observations 96 48 
Pooled Variance 236,8204672  
Hypothesized Mean 
Difference 0  
df 142  
t Stat -4,18798018  
P(T<=t) one-tail 2,45816E-05  
t Critical one-tail 1,655655173  
P(T<=t) two-tail 4,91632E-05  
t Critical two-tail 1,976810994   
   
The p-value for the t-Student of side 1 and 2 vs.center 
shows the density to be significantly different.  
33 vs 39 mm 
Prueba t para dos muestras suponiendo varianzas iguales 
   
  33 mm 39 mm 
Mean 494,5323843 492,6688972 
Variance 256,2290552 280,2409812 
Observations 48 48 
Pooled Variance 268,2350182  
Hypothesized Mean 
Difference 0  
df 94  
t Stat 0,557409402  
P(T<=t) one-tail 0,28928635  
t Critical one-tail 1,661225855  
P(T<=t) two-tail 0,578572699  
t Critical two-tail 1,985523442   
   
The mean value for the side 33 and 39 can be 
consideered the statistically the same, as it was expected. 
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MOISTURE CONTENT 
The test 4_30_Teflon has been taken out because it is definitely an error of measurement.  
Side members   
 
SIDE PIECES VS CENTER PIECES MEAN VALUE 
t-Test: Two-Sample Assuming Equal Variances 
   
  Sides 1 and 2 Center 
Mean 9,970267357 10,08891406 
Variance 0,415015166 0,502566217 
Observations 95 46 
Pooled Variance 0,443359032  
Hypothesized Mean 
Difference 0  
df 139  
t Stat 
-
0,991994019  
P(T<=t) one-tail 0,161462077  
t Critical one-tail 1,655889868  
P(T<=t) two-tail 0,322924155  
t Critical two-tail 1,977177724   
   
The p-value for the t-Student of side 1 vs.center and for 
side2 vs. Center is the same significantly different than for 
both sides vs. Center. 
Center member 
 
33 vs 39 mm 
   
Prueba t para dos muestras suponiendo varianzas iguales 
   
  Variable 1 Variable 2 
Media 10,16854043 9,767775709 
Varianza 0,26750712 0,491836306 
Observaciones 48 47 
Varianza agrupada 0,378465642  
Diferencia hipotética de las 
medias 0  
Grados de libertad 93  
Estadístico t 3,174563363  
P(T<=t) una cola 0,001017637  
Valor crítico de t (una cola) 1,661403674  
P(T<=t) dos colas 0,002035274  
Valor crítico de t (dos colas) 1,985801814   
   
The moisture content for both sides appear to be 
significally diferent. 
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A.9 Adjustment of the stress extension curve in the embedment experiment 
This is the example of the embedment test with threaded nail for 9 0 degrees of fiber direction. 
The first chart shows the load-extension curve directly obtained from the test. In the second 
chart, the load has been divided following equation (3.1), hence obtaining the stress-extension 
curve. In it, it is also observable the segment of the curve considered to follow the proportional 
behavior defining stiffness. The third one show the final curve obtained after the adjustment of 
the proportional part of the curve to be straight and start at zero, and it also show the two 
models initially proposed, the first one the plastic part starting at extension 10% deviated of the 
proportional behavior and the second, the plasticity starting at 80% of the maximum failure load. 
Load-extension curve 
 
Stress-extension curve 
 
 
 
 
 
 
Adjusted stress-extension curve and models 
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A.10 Rest of the curves for SERIES A 
In this section are presented the rest of the curves of Series A that will complete the whole set 
of curves obtained in it. It is not guaranteed that absence of repetitions in some charts, but the 
presentations of the same curves in different charts will help to understand concrete 
specifications each time. The last chart of this section presents all the curves of load per nail vs. 
extensions obtained in this series; a reference to this chart is made in the Discussion of the effect 
of the number of nails to the load bearing capacity. 
First are shown the rest of the combinations of nail distance and number of nails, for all the 
possible end distance and side thickness, that will follow the same pattern than the combination 
showed in the report: 15·d end distance and 39 mm side thickness. Next is shown the curves of 
the specimens with 7 nails and 42.5 mm nail distance, for the two different side thicknesses, 
that will follow the same curves than specimens with 4 nails and 42.5 nail distance. In this last 
one, it is also presented the remaining combination for the end distance, which will follow the 
same pattern observed for all the specimens with 42.5 mm. 
 
Effect of the nail distance and the number of nails 
15·d33 
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30·d33 
 
30·d39 
 
15·dr33 
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15·dr39 
 
Effect of the side thickness and of the end distance 
7 nails 42.5 mm 
 
Load per nail vs. Extension (all the curves) 
  
Nail distance: 42.5 mm 
Nail distance: 19.62 mm 
14 nails, 7 nails (15·d) 
7 nails (30·d, 15·dR) 
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A.11 Rest of the curves for SERIES B 
In this section are presented the rest of the curves of Series B that will complete the whole set 
of curves obtained in it. It is not guaranteed that absence of repetitions in some charts, but the 
presentations of the same curves in different charts will help to understand concrete 
specifications each time.  
First is shown the remaining chart to illustrate the effect of Teflon and reduced thread when 
maintaining constant the number of nails and the nail distance. The chart shows the case for 7 
nails and 30 mm of nail distance, which will follow the case presented in the report with 4 nails 
and 30 mm of nail distance. Then are presented the two remaining charts to show the influence 
of the number of nails and nail distance when keeping constant the rest of the variables. The 
case with Screw.1 and Teflon and Screw.2 and no Teflon will follow the same pattern than the 
case presented in the report of Screw.1 and no Teflon. 
Effect of the Teflon and the Reduced Thread 
7 nails at 30 mm of nail distance 
 
Effect of the number of nails and nail distance 
Screw.1 with Teflon 
 
Screw.2 without Teflon 
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A.12 Rest of the curves for SERIES C 
In this section are presented the rest of the curves of Series B that will complete the whole set 
of curves obtained in it. It is not guaranteed that absence of repetitions in some charts, but the 
presentations of the same curves in different charts will help to understand concrete 
specifications each time.  
First is shown the remaining chart to illustrate the effect of the Hardened nails and Teflon when 
kept constant the number of nails and the nail distance to complete all the configurations; all 
the charts will show the same pattern than the one shown in the report (4 nails with 80 mm of 
nail distance). Second are shown the curves for the cases when the number of nails and nail 
distance is maintained that are not shown in the report. 
 
Effect of the Teflon and the hardened nails 
4 nails with 40 mm of nail distance 
 
7 nails with 40 mm of nail distance 
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Effect of the number of nails and nail distance 
Hardened nails 
 
Teflon 
 
Hardened nails and Teflon 
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A.13 Failure Identification Results 
Test 
number 
Hinge 
Member 
number 
Fastener number  
Mean position of 
hinge (mm) 
1/8 2/9 3/10 4/11 5/12 6/13 7/14 Side Center 
            
SERIES A     (the same order as followed in the realization of the tests, and so in the observations, is followed here) 
            
1 
Side 
1 17,39 15,89 18,23 9,05 23 16,33 18,21 
22,06 36,89 
2 14,76 19,4 15,05 18,02 15,47 16,09 20,5 
center 
1 17,79 18,55 17,13 10,38 18,26 22,44 22,11 
2 17,52 18,41 12,39 16,61 14,32 16,51 0,19 
17 
side 
1 
7,6 9,47 1,22 4,76 7,33 5,55 3,84 
36,89 41,4 
2,23 5,72 7,86 7,07 17,84 19,64 25,92 
2 
17,3 10,58 4,95 4,7 1,97 2,82 8,18 
0,13 4,61 5,89 3,91 9,49 12,97 7,16 
center 
1 
11,65 11,75 3,68 3,27 11,25 7,81 8,3 
2,96 15,26 13,42 7,26 20,22 23,49 26,45 
2 
17,96 16,82 11,03 13,23 4,92 3,92 11,63 
3,79 6,6 4,25 0,62 6,02 10,69 4,84 
9 
Side 
1 40,77 34,08 34,36 37,49    
20,27 36,45 
2 29,74 28,16 24,83 29,29    
center 
1 22,55 17,84 25,35 26,04    
2 29,46 28,79 26,77 29,3    
22 
Side 
1 30,5 35,09 27,61 29,64 27,81 29,48 28,55 
26,67 39,37 
2 26,29 26,58 24,82 22,98 22,03 24,82 29,24 
center 
1 19,85 27,49 26,92 26,24 29,86 31,56 27,63 
2 30,33 24,66 21,91 35,88 22,07 23,42 20,6 
2 
Side 
1 30,5 35,09 27,61 29,64 27,81 29,48 28,55 
24,83 43,82 
2 26,29 26,58 24,82 22,98 22,03 24,82 29,24 
center 
1 19,85 27,49 26,92 26,24 29,86 31,56 27,63 
2 30,33 24,66 21,91 35,88 22,07 23,42 20,6 
18 
side 
1 
3,6 4,76 7,94 0,39 4,77 5,09 6,6 
43,82 47,14 
5,17 7,63 4,38 7,6 8 7,78 5,34 
2 
1,4 3,06 0,26 1,58 2,04 1,82 1,47 
0,65 1,84 2,45 6,28 0,48 1,33 2,66 
center 
1 
3,74 1,18 0,37 0,01 0,36 0,48 1,43 
0,42 0,02 0,22 2,08 1,18 0,65 0,86 
2 
1,15 2,46 0,14 0,66 0,33 0,71 0,38 
0,29 0,32 1,41 18,3 6,43 0,64 2,05 
7 
Side 
1 19,95 16,45 24,28 25,02    
18,94 37,27 
2 23,23 22,4 23,86 20,42    
center 
1 20,32 17,53 19,89 20,28    
2 25,51 21,07 22,48 15,14    
23 
Side 
1 27,39 23,78 26,26 30,05 25,67 24,58 25,08 
29,78 46,18 
2 28,66 27,83 24,66 30,03 31,1 30,77 32,49 
center 
1 17,25 11,37 13,31 12,77 15,6 11,03 20,58 
2 14,73 6,77 3,17 15,65 7,97 12,27 12,29 
3 
Side 
1 19,65 31,7 27,24 25,99 25,25 29,65 3,84 
38,24 46,18 
2 30,95 21,74 27,66 29,17 30,29 28,78 47,59 
center 
1 34,02 28,41 28,93 24,81 23,16 12,85 4,52 
2 26,66 22,2 20,19 23,54 18,45 17,6 21 
16 
side 
1 
0,26 0,12 1,61 1,68 4,18 5,3 2,37 
17,95 40,23 
2,06 3,6 0,3 3,39 1 0,22 0,24 
2 
0,56 0,94 3,55 1,84 1,97 3,87 1,4 
0,22 1,15 1,83 1,56 2,57 4,03 2,98 
center 
1 
18,96 3,23 0,85 0,57 0,13 1,46 2,19 
2,48 0,87 1,67 0 0,09 0,04 0,79 
2 
6,49 1,04 1,53 1,27 2,35 0,55 0,15 
0,46 0,61 0,14 0,55 3,46 3,62 3,26 
8 Side 1 23,72 36,92 31,12 32,74    22,9 38,59 
 APPENDIX 
xlv 
 
2 33,31 35 24,2 35,59    
center 
1 38,69 28,08 28,51 18,2    
2 21,53 20,56 33,5 17,92    
24 
Side 
1 6,1 12,1 11,2 11,58 15,57 15,12 13,79 
27,63 48,04 
2 17,06 16,33 13,89 15,97 12,6 17,35 15,43 
center 
1 3,71 8,63 9,45 9,33 10,33 14,18 13,63 
2 10,92 12,99 10,28 14,53 10,48 14,37 10,11 
13 
Side 
1 34,62 30,79 36,16 32,92 31,98 30,47 33,52 
29,31 44,71 
2 25,77 26,86 29,32 28,5 28,59 28,06 30,51 
center 
1 22,43 8,43 26,34 8,88 23 3,2 14,15 
2 25,91 14,89 16,56 10,82 11,11 12,35 9,51 
5 
side 
1 
2,9 2,81 6,28 6,3 2 4,2 2,08 
22,1 40,23 
0,67 1,76 0,73 4,4 6,1 4,3 0,86 
2 
2,01 2,48 0,07 2,23 2,75 1,16 1,14 
1,24 2,27 0,75 0,32 6,26 1,18 0,42 
center 
1 
1,61 3,72 3,87 2,2 2,08 0,53 1,28 
0,79 2,97 1,51 5,19 6,32 5,24 2,84 
2 
0,55 0,38 3,95 4,06 1,78 3,11 1,93 
1,25 0,62 1,72 2,07 9,08 0,93 3,44 
21 
Side 
1 30,83 35,3 30,07 18,12    
26,09 41,54 
2 27,86 32,52 33,32 32,26    
center 
1 11,01 34,09 15,63 11,92    
2 19,48 8,84 11,97 8,53    
10 
Side 
1 0,6 1,84 1,76 4,73 2,41 0,19 6,3 
22,02 42,77 
2 1,02 8,57 1,4 1,27 3,18 1,3 1,39 
center 
1 5,37 1,57 2,84 9,41 3,44 0,74 1,46 
2 0,61 2,92 3,55 0,35 0,24 0,37 2,05 
14 
Side 
1 27,62 29,56 25,09 25,99 29,49 26,89 26,76 
27,88 44,61 
2 27,93 22,64 28,11 27,14 29,3 26,75 27,05 
center 
1 9,64 11,03 13,76 14,33 14,25 7,34 13,47 
2 19,21 12,2 7,98 22,67 24,29 13,3 10,99 
6 
side 
1 
2,27 5,53 0,32 1,65 0,99 1,27 6,92 
21,25 39,11 
0,61 0,49 0,47 0,07 0,2 5,44 6,6 
2 
3,83 2,9 3,99 2,03 0,14 0,12 0,19 
3,46 1,21 3 4,69 0,48 11,27 7,69 
center 
1 
3,92 4,71 0,13 0,93 0,93 0,29 1,78 
0,14 1,12 0,18 1,32 0,93 6,3 4,22 
2 
5,56 4,84 0,39 12,34 1,36 4,22 1,52 
3,63 3,16 4,5 4,54 0,34 11,76 8,26 
19 
Side 
1 33,44 33,34 33,11 34,95    
28,19 45,73 
2 29,52 30,16 31,84 31,08    
center 
1 7,4 10,45 14,73 10,28    
2 12,47 13,37 19,18 16,86    
11 
Side 
1 12,94 15,96 15,02 9,92 6,28 13,98 6,69 
17,89 38,52 
2 10,25 15,26 10,38 11,26 3,68 12,69 11,17 
center 
1 9,68 9,54 4,55 12,87 0,28 11,36 7,52 
2 16,2 14,1 13,47 10,5 6,14 10,94 15,12 
15 
Side 
1 43,63 32,73 34,82 31,69 34,6 36,33 37,84 
23,78 41,88 
2 41,63 44,63 36,97 31,68 35,5 40,15   
center 
1 18,32 9,28 31,07 24,38 10,61 15,73 17,01 
2 23,85 9,93 10,37 9,22 25,28 12,85   
4 
side 
1 
2,15 1 2,85 1,43 1,62 0,63 0,72 
18,44 35,54 
9,07 3,18 2,56 3,89 0,18 2,07 5,49 
2 
5,85 0,39 3,45 2,84 0,93 3,85 0,42 
0,05 1,33 2,46 1,55 7,49 8,5 8,75 
center 
1 
3,88 2,78 9,66 0,06 0,08 4,44 0,27 
6 6,47 6,81 8,35 0,03 0,39 3,68 
2 
4,14 3 10,06 2,85 5,04 2,79 3,03 
0,54 1,53 5,03 0,23 10,65 9,69 14,74 
12 Side 1 30,96 33,16 30,74 30,11    27,27 43,68 
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2 30,43 33,42 32,91 26,82    
center 
1 12,53 26,05 7,56 16,68    
2 19,68 12,73 15,86 12,23    
20 
Side 
1 5,42 3,57 3,87 3,13 6,41 12,39 13,16 
19,21 36,19 
2 19 15,91 16,5 15,25 16,47 15,45 7,78 
center 
1 11,97 8,62 11,33 9,23 10,55 13,5 16,68 
2 14,95 11,71 13,9 9,4 19,86 13,53 8,94 
            
SERIES B            
            
1 
Side 
1 15,76 9,36 16,27 12,63    
29,28 51,04 
2 13,11 13,39 14,74 13,44    
center 
1 7,38 8,5 14,66 18,87    
2 20,89 17,99 18,05 18,34    
2 
Side 
1 12,07 18,33 6,39 12,78    
29,8 50,76 
2 17,24 13,17 12,53 13,75    
center 
1 13,25 18,59 9,53 11,58    
2 23,04 21,48 18,56 20,49    
3 
Side 
1 19,52 15,45 16,61 21,08    
26,61 46,54 
2 19,08 15,12 13,72 14,38    
center 
1 12,87 15,49 16,35 18,03    
2 23,01 19,18 18,5 24,73    
4 
Side 
1 18,79 21,29 15,53 21,47    
31,71 50,68 
2 10,42 13,82 6,88 11,11    
center 
1 14,15 12,74 17,12 27,64    
2 15,45 13,87 10,55 13,04    
5 
Side 
1 24,16 27,56 16,97 18,7    
25,04 42,04 
2 17,57 25,28 20,04 18,94    
center 
1 22,93 26,9 24,63 20,2    
2 23,93 29,86 24,7 27,41    
6 
Side 
1 19,5 21,37 23,05 22,13    
38,52 55,61 
2 28,48 26,27 15,38 22,67    
center 
1 34,37 38,48 17,38 33,82    
2 32,46 37,62 44,45 28,17    
7 
Side 
1 8,18 7,17 5,74 13,49    
30,71 47,47 
2 27,01 26,88 33,28 17    
center 
1 0,26 12,48 10,39 0,35    
2 25,56 23,15 16,75 19,8    
8 
Side 
1 27,64 21,52 27,53 25,37    
29,29 48,55 
2 25,28 26,74 27,09 22,32    
center 
1 15,12 12,44 12,36 19,89    
2 16,32 13,68 15,42 7,58    
9 
Side 
1 11,99 5,34 1,22 6 7,64 8,37 9,9 
29,29 55,23 
2 13,63 9,62 14,13 10,32 11,97 8,46 11,97 
center 
1 12,41 5,51 2,43 10,77 4,51 11,06 8,66 
2 7,33 7,41 11,1 6,33 8,37 3,2 6,51 
10 
Side 
1 12,45 8,68 12,91 12,23 9,45 9,4 6,72 
23,98 45,99 
2 12,56 11,98 12,04 11,7 12,16 14,63 13,55 
center 
1 14,45 11,7 8,76 12,56 9,42 9,46 8,39 
2 16,66 12,26 7,11 11,64 11,04 13,9 16,48 
11 
Side 
1 16,46 13,77 7,73 11,26 14,69 13,76 12,06 
32,2 50,53 
2 19,77 19,91 6,65 12,55 10,64 16,19 16,14 
center 
1 12,38 18,26 9,41 8,76 16,74 15,68 11,54 
2 21,08 24,09 11,98 21,24 16,02 18,1 19,13 
12 
Side 
1 5,22 9,12 12,33 7,53 10,04 8,66 15,58 
28,19 49,68 
2 14,2 14,06 14,3 9,25 12,28 13,71 15,55 
center 
1 6,39 8,93 10,68 6,59 8,71 7,05 8,92 
2 15,83 7,69 13,11 9,43 14,31 18,43 12,01 
13 
Side 
1 12,02 10,5 10,07 11,66    
30,62 48,05 2 14,41 16,45 15,13 13,93    
center 1 15,69 12,88 14,98 19,86    
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2 20,12 16,46 17,04 15,82    
14 
Side 
1 37,63 38,67 33,5 39,33    
27,61 49,2 
2 42,96 38,38 43,32 41,15    
center 
1 10,17 6,03 5,54 14,13    
2 9,72 8,57 8,91 5,91    
            
SERIES C            
            
1 
Side 
1 20,38 18,81 25,38 28,49    
22,18 42,17 
2 20,14 30,25 25,92 16,91    
center 
1 9,8 18,08 6,6 5,57    
2 18,86 16,98 12,01 18,81    
2 
Side 
1 19,94 17,94 17,75 15,27    
22,63 45,44 
2 13,57 15,22 16,25 12,61    
center 
1 2,45 1,01 3,61 5,07    
2 0,55 1,78 2,21 2,31    
3 
Side 
1 19,09 23,63 24,42 26,6    
22,42 39,56 
2 22,21 23,45 27,18 25,73    
center 
1 22,63 11,57 13,51 10,17    
2 29,58 23,94 27,28 25,21    
4 
Side 
1 13,77 14,22 16,06 16,06    
22,5 40,32 
2 19,89 18,29 16,96 20,55    
center 
1 1,23 0,71 1,62 4,66    
2 2,98 0,94 1,59 0,19    
5 
Side 
1 24,98 21,69 22,42 24,07 23,12 21,02 20,26 
22,48 42,36 
2 26,68 20,23 24,15 22,33 18,28 25,81 23,97 
center 
1 12,86 19,27 11,69 12,29 14,73 18,04 6,88 
2 20,01 22,84 15,39 22,36 9,74 13,91 11,79 
6 
Side 
1 16,53 10,93 12,51 12,89 12,25 7,34 11,65 
21,97 43,38 
2 14,96 15,39 15,31 14,49 16,06 14,31 14,7 
center 
1 4,24 3,61 2,05 1,31 3,26 1,83 1,9 
2 1,03 2,01 2,43 2,02 3,45 4,56 1,3 
7 
Side 
1 21,91 20,99 21,2 23,24 23,32 23,03 21,52 
25,32 43,33 
2 26,69 24,37 23,69 23,6 23,68 18,46 23,94 
center 
1 9,64 5,95 11,23 1,14 8,34 4,93 7,17 
2 15,46 7,36 11,44 10,14 4,51 8,21 3,55 
8 
Side 
1 4,4 12,01 9,72 9,49 9,29 10,83 10,9 
21,81 42,18 
2 11,97 11,06 11,12 10,95 10,99 9,14 9,97 
center 
1 0,57 0,01 2,42 1,77 0,82 0,53 1,2 
2 1,4 0,13 0,5 1,07 2,77 0,65 0,67 
9 
Side 
1 9,31 20,03 18,27 21,59    
23,49 42,02 
2 20,78 18,81 19,49 15,41    
center 
1 16,83 7,79 9,14 14,86    
2 7,37 2,5 10,76 7,38    
10 
Side 
1 12,28 14,91 12,36 13,69    
21,84 43,81 
2 13,06 5,59 15,08 16,58    
center 
1 1,52 1,53 0,37 1    
2 2,67 1,94 2,78 1,97    
11 
Side 
1 21,64 21,16 22,18 21,68    
25,23 45,59 
2 24,04 22,43 22,15 20,78    
center 
1 6,2 9,37 10,93 15,3    
2 10,2 11,73 5,8 9,76    
12 
Side 
1 16,45 15,58 15,64 17,78    
23,33 38,97 
2 15,31 16,35 7,8 17,16    
center 
1 1,58 2,57 1,32 0,79    
2 0,3 0,51 4,26 1,97    
13 
Side 
1        
  
2        
center 
1        
2        
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A.14 Embedment Results 
Angle 
Nº. Stiffness 
(MPa) 
Strength 
(N/mm2) 
Nº Stiffness 
(MPa) 
Strength 
(N/mm2) 
Nº Stiffness 
(MPa/mm) 
Strength 
(MPa) 
          
  Nail 4   Nail 5   Screw.1  
          
0 0.1 306,8 60,6 0.1 580,2 57,5 90.1 275,1 45,5 
0 0.2 252,3 62,6 0.2 337,6 51,5 90.2 266,5 44,6 
0 0.3 259,0 58,5 0.3 299,9 50,1 90.3 239,9 46,0 
  272,7 60,6  405,9 53,0  260,5 45,4 
5 5.1 286,0 58,2 5.1 269,5 47,7    
5 5.2 261,3 50,4 5.2 315,2 48,6    
5 5.3 231,8 56,4 5.3 - 53,8    
  259,7 55,0  292,3 50,0    
10 10.1 236,4 56,1       
15 15.1 219,0 58,9 15.1 204,0 46,3    
15 15.2 255,5 56,4 15.2 293,7 49,1    
15 15.3 271,6 58,1 15.3 278,0 49,0    
  248,7 57,8  258,6 48,1    
20 20.1 176,2 51,2 20.1 210,2 44,2    
20 20.2 196,7 49,4 20.2 243,9 47,8    
20 20.3 165,3 52,4 20.3 212,5 45,7    
  179,4 51,0  222,2 45,9    
25 25.1 162,0 54,0 25.1 164,8 48,8    
25 25.2 141,9 55,1 25.2 178,1 45,3    
25 25.3 164,0 50,9 25.3 207,9 43,0    
  156,0 53,3  183,6 45,7    
30    30.1 165,8 47,7 60.1 203,7 57,2 
30 30.1 143,0 49,9 30.2 183,8 43,1 60.1 184,5 54,7 
30 30.2 142,4 43,9 30.3 123,8 44,1 60.3 167,2 49,2 
  142,7 46,9  157,8 45.0  185,2 53,7 
45 45.1 145,0 54,7 45.1 136,1 50,6 45.3 130,4 44,3 
45 45.2 106,4 48,2    45.2 148,4 51,7 
45 45.3 146,7 55,3    45.3 117,6 44,1 
  132,7 52,7     132,1 46,7 
60 30.3 105,7 47,2 30.1 154,0 45,7 60.2 124,8 48,2 
60       60.2 115,6 40,4 
60       30.2 81,3 39,7 
        107,2 42,8 
65 25.3 91,5 48,7 25.1 105,0 49,1    
70 20.3 100,7 51,3 20.2 116,1 49,1    
75 15.1 130,8 51,9 15.3 120,1 48,0    
80 10.3 100,5 56,5 10.2 101,8 49,6    
85 5.2 100,6 53,5 5.3 158,6 57,7    
90 0.3 89,6 53,9 0.2 138,9 48,9 90.1 93,2 44,8 
90       90.2 97,3 47,2 
90       90.3 93,9 43,6 
        94,8 45,2 
Angles  Type of fastener 
Stiffness 
(MPa) 
Sterength (MPa) 
     
0  Medium Smooth 341,2 42,9  
0  Medium Thread 443,8 59,1  
0  Thick Smooth 568,0 44,4  
0  Thick Thread 583,5 50,7  
30  Medium Smooth 316,2 39,0  
30  Medium Thread 286,9 51,6  
30  Thick Smooth 365,3 31,2  
30  Thick Thread 301,8 34,6  
 APPENDIX 
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45  Medium Smooth 245,4 42,5  
45  Medium Thread 195,3 38,4  
45  Thick Smooth 396,8 33,4  
45  Thick Thread 224,9 26,4  
60  Medium Smooth 184,9 31,2  
60  Medium Thread 136,6 41,0  
60  Thick Smooth 246,2 27,6  
60  Thick Thread 341,2 34,2  
90  Medium Smooth 216,3 34,9  
90  Medium Thread 130,6 37,2  
90  Thick Smooth 324,2 36,4  
90  Thick Thread 188,2 39,2  
 
Percentage length of the proportional part of the curve 
 Nail.4 Nail.5 Screw.1   MS MT TS TT 
0 60,0 55,0 65,0  0 60,0 55,0 60,0 55,0 
0 65,0 60,0 60,0  30 55,0 40,0 50,0 45,0 
0 55,0 65,0 65,0  45 30,0 40,0 40,0 50,0 
0 60,0 58,3 63,3  60 35,0 30,0 50,0 25,0 
5 60,0 60,0   90 20,0 30,0 25,0 25,0 
5 60,0 65,0        
5 80,0 -        
 66,7 62,5        
10 70,0 -        
15 60,0 65,0        
15 55,0 60,0        
15 55,0 60,0        
 56,7 61,7        
20 55,0 60,0        
20 55,0 55,0        
20 65,0 70,0        
 58,3 61,7        
25 50,0 55,0        
25 60,0 65,0        
25 50,0 55,0        
 50,3 58,3        
30 - 70,0 40,0       
30 50,0 60,0 40,0       
30 45,0 60,0 40,0       
 47,5 63,3 40,0       
45 35,0 - 40,0       
45 40,0 - 45,0       
45 35,0 35,0 40,0       
 36,7 35,0 41,7       
60   30,0       
60   35,0       
60   40,0       
60 35,0 25,0 35,0       
65 30,0 25,0        
70 25,0 20,0        
75 20,0 25,0        
80 30,0 25,0        
85 20,0 15,0        
90   55,0       
90   45,0       
90   45,0       
90 25,0 20,0 48,3       
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A.15 Analysis of the influence of the different variables in the load bearing capacity 
connections 
For the comparison of different models of fasteners, a software has been used that calculates 
the results from the Johansen’s equations by introducing manually all the defining parameters 
or by selecting the standard’s recommendations if unknown (EN 1995-1-1:2004, 2004). This 
software only allow to calculate the connection using a wood of limited strength (C30); this will 
mean a difference in the absolute value of the connection obtained from the software and the 
experimental, for the strength of LVL is approximately C40 - Appendix A.1 and (DS/EN 338:2009, 
2009) – but the relative variation of the modification of the variables will still be correct. 
Comparison of hardened and non-hardened nails with Johansen’s equations 
In this first comparison the procedure used to compare the two situations is going to be 
explained in detail, showing and justifying each selection done. The procedure will be the same 
for all the comparisons, hence it will not be explained again for the rest of variables, but directly 
the result will be shown. http://www.traeinfo.dk/soemdim/soemdim.htm. 
The calculating program used can be found in this web page above. In it, different kinds of 
connections can be selected. For this case, a timber-to-timber, single shear, threaded nail 
connection is chosen. Once chosen, the first step is to specify the fastener’s geometry according 
to the parameters defined in the sketch of the connection that is shown. The sketch can be seen 
in Figure A.15-1, and the specification in Figure A.15-2. 
 
Figure A.15-1: Geometry specifications for the calculation of the failure load 
Then the materials specifications were demanded. For the timber members the strength class 
and the thickness were needed. For the latter, no problem was found, but for the first ones, as 
explained in the report, the maximum strength class selectable was C30, while the strength class 
of the LVL used is between C40 and C45 (see Appendix A.1). At this point, C30 was selected, 
knowing that the results obtained would not give the value for the load bearing capacity of the 
connection that was intended to be study, but still the effect of the modification of the variable 
on the failure load could be studied. For the fastener the only two variables that we introduced 
were the steel strength, deciding to put the minimum strength required by the standard, of 600 
MPa (we used this vale for both nails, even though it is known to be different, because the 
strength does not affect the calculations, only the yielding moment is needed for them) and the 
yielding moment, that we already had for each fastener (Table 2). For the rest of the variables, 
like the withdrawal strength and the pull-trough strength, an option was selected by which the 
reference values proposed in the standard were automatically given, for there were parameters 
that we didn’t have from the experiments. 
Finally it was chosen to have a minimum density of 350 kg/m3 (although it didn’t influence) and 
the option of pre-drilled holes were left unchecked. The picture below illustrate the selections 
for this case: 
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Figure A.15-2: Materials specifications for the calculation of the failure load 
With all the information provided, the calculations are done, and by the modification of the 
yielding moment, the comparison can be made. The results are shown in the following way, 
which is the same way that are going to be presented in this section: Figure A.15-3 represents 
the failure modes and a value is obtained for each one; the lowest value indicates the failure 
mode happening in the connection and the load bearing capacity of the fastener In the 
comparison of hardened and non-hardened nails the following results were obtained: 
 
Figure A.15-3: Order of the presentation of the failure modes 
Non-hardened: 
a) 2422 N b) 2202 N c) 1109 N d) 1132 N e) 1067 N f) 1074 N 
Hardened: 
a) 2422 N b) 2202 N c) 1109 N d) 1121 N e) 1164 N f) 1356 N 
 
Comparison of screws with reduced and normal thread with Johansen’s equations 
In the case of the screws, more parameters were required to define the geometry; the length of 
the thread, which varied from 45 to 15 mm for complete and reduced thread, and the core 
diameter, which was 3.1 mm for both fasteners. With the adjustment of the thicknesses and the 
yielding moments to these new fasteners, the results obtained are: 
Complete thread: 
a) 2796 N b) 2940 N c) 1460 N d) 1395 N e) 1439 N f) 1302 N 
Reduced thread: 
a) 2796 N b) 2940 N c) 1189 N d) 1053 N e) 1099 N f) 729 N 
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A.16 Analysis of the influence of the side thickness in the position of the yielding points. 
¡Error! No se encuentra el origen de la referencia. and ¡Error! No se encuentra el origen de la 
referencia. show the expected influence of the side thickness in the position of the first hinge of 
the nail. This variable does not modify the failure mode, at least for the range of thicknesses 
used in the experiment but it does modify the position of the hinge inside the center member 
of the specimen, Figure A.16-1, which will be a distance as long as the difference between side 
thicknesses further from the head of the nail (point of reference in the definition of the position 
of the hinges). The position of the hinge in the headside if the nail, however do not show a 
difference, Figure A.16-2. 
 
Figure A.16-1: Effect of the side thickness in the position of the first hinge 
 
Figure A.16-2: Effect of the side thickness in the position of the second hinge 
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A.17 Analysis of the distribution of forces along the length of the line of fasteners 
In this section a chart is shown in which it can be observed the bad adjustment of the 
observations to the expected distribution of forces in the row length. All the angles for all the 
charts are shown together so as to visualize that no clear effect is seen. This effect is neither 
seen with the charts of the individual connections. All the charts can be seen in Appendix-Disc 
inside the folder A.2.3. The x-axis of the chart represents the relative disposition of the nails in 
the row length of the specimen. 
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A.18 Presentation of the density in the embedment experiment 
In this section the measurements of the density in the embedment specimens is presented. 
Embedment with nails and screw. 
degrees number volume (mm) mass 
(Kg) 
density 
(kg/m3) 1 2 3 
0 1 32,9 32,9 33,6 33,7 63,5 63,8 36,1 513,1 
2 33,0 33,0 33,6 33,6 63,7 63,7 36,9 522,5 
3 33,0 33,0 33,6 33,7 63,8 63,7 37,1 524,7 
5 1 32,4 32,4 32,3 32,3 65,7 65,7 35,1 511,0 
2 32,4 32,6 32,4 32,3 65,9 65,8 35,3 510,7 
3 32,5 32,5 32,3 32,3 64,7 65,8 35,0 511,4 
10 1 32,9 32,8 32,7 32,6 65,9 66,0 35,7 504,3 
2 32,4 32,5 32,6 32,6 65,9 66,0 34,6 496,2 
3 32,4 32,4 32,6 32,7 64,0 66,0 34,3 499,2 
15 1 32,9 32,9 33,4 33,5 66,1 66,0 36,7 504,2 
2 33,0 33,1 33,2 33,3 66,0 65,9 36,4 502,0 
3 33,0 33,0 33,3 33,3 65,8 65,9 36,9 509,7 
20 1 33,6 33,5 32,8 33,0 66,0 66,1 36,4 499,4 
2 33,4 33,5 32,9 33,0 66,2 66,1 35,8 491,6 
3 33,4 33,5 33,1 33,2 66,1 66,2 36,9 503,1 
25 1 32,8 32,7 33,4 33,5 66,5 66,6 36,6 501,4 
2 32,7 32,7 33,4 33,4 66,6 66,7 37,1 510,2 
3 32,7 32,7 33,4 33,5 66,6 66,7 36,5 500,1 
30 1 32,2 32,2 33,4 33,5 66,4 66,5 36,1 504,9 
2 32,3 32,1 33,8 33,8 66,3 66,3 37,9 524,5 
3 31,7 31,7 33,8 33,7 66,3 66,3 34,9 492,4 
45 1 32,6 32,4 33,9 33,9 66,6 66,7 36,8 502,4 
2 32,4 32,4 33,9 33,9 66,5 66,5 35,6 488,3 
3 32,1 32,0 34,0 33,9 66,2 66,3 35,8 496,4 
60 1 32,8 32,8 33,4 33,3 65,7 65,6 34,6 481,7 
2 33,1 34,0 33,3 33,3 66,1 66,2 35,4 479,1 
3 32,9 32,9 33,4 33,4 66,1 66,3 37,2 512,8 
90 1 33,4 33,4 33,8 33,9 63,6 63,9 36,7 510,2 
2 33,2 33,3 33,7 33,7 63,6 63,7 36,1 505,7 
3 33,2 33,3 33,7 33,6 63,5 63,6 37,7 531,5 
 
Embedment with dowels 
density type volume (mm3) mass 
(Kg) 
density 
(kg/m3) 1 2 3 
0º Medium Threaded 33,6 33,6 33,2 33,2 63,0 63,1 37,0 525,2 
Medium Smooth 33,7 33,7 33,3 33,3 63,5 63,8 34,2 479,7 
Thick Threaded 33,7 33,7 33,4 33,3 63,4 63,6 37,7 528,5 
Thick Smooth 32,1 32,1 33,4 33,4 63,8 63,4 33,7 494,5 
30º Medium Threaded 33,1 33,1 32,8 32,8 66,1 66,3 35,0 487,8 
Medium Smooth 32,9 32,9 32,8 32,7 66,2 66,1 34,8 488,9 
Thick Threaded 33,3 33,4 32,9 32,8 66,0 66,0 35,9 495,1 
Thick Smooth 33,3 33,3 32,8 32,8 66,4 66,1 35,5 490,0 
45º Medium Threaded 33,8 33,7 33,3 33,0 66,4 66,6 34,0 456,6 
Medium Smooth 33,8 33,9 32,6 32,4 66,5 66,6 36,9 503,6 
Thick Threaded 33,8 33,9 32,2 32,2 66,6 66,6 36,0 495,9 
Thick Smooth 32,7 32,7 33,3 33,4 66,2 66,2 37,3 517,4 
60º Medium Threaded 33,5 33,6 33,0 33,0 63,7 63,7 39,4 558,5 
Medium Smooth 33,8 33,8 32,1 32,2 66,2 66,2 34,4 478,3 
Thick Threaded 32,7 32,9 32,5 32,3 67,6 67,5 37,8 527,2 
Thick Smooth 33,8 33,9 32,2 32,1 66,3 66,3 38,4 532,5 
90º Medium Threaded 33,6 33,6 33,1 33,0 63,8 63,8 37,1 523,1 
Medium Smooth 33,6 33,7 33,0 33,1 63,6 63,5 37,1 525,1 
Thick Threaded 33,7 33,7 33,1 33,0 63,6 63,8 36,2 510,5 
Thick Smooth 33,5 33,5 33,0 33,0 63,7 63,7 36,5 518,0 
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A.19 Models of the embedment parameters and adjustment to the data 
In this section are presented the adjustments of all the variables defined for the numerical 
modeling of the embedment strength 
 
Embedment Strength for nails and screw for fiber direction from 0 to 90 degrees 
 
Embedment Strength for nails for fiber direction from 0 to 30 degrees 
With this chart is also shown the comparison between both adjustments for the 30 first degrees 
of fiber direction. The difference is not very important, but the models were modified according 
to what was expected from the curves. 
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Embedment stiffness for nails and screw for fiber direction from 0 to 90 degrees 
 
Proportional length for nails and screw for fiber direction from 0 to 90 degrees 
 
Proportional length for nails for fiber direction from 0 to 30 degrees 
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Extension at maximum strength 
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A.20 2 segments load-Embedment characteristic curve data 
 
Here are presented the values for the 2 segments load-embedment characteristic curve for the 
threaded and smooth nails for 0 to 30 degrees of fiber direction. 
 
 MODEL 1 MODEL 2 
Angle 
(test) 
 
Max Stress % 
at change 
Deviation from elastic 
curve at change (%) 
Max Stress % 
at change 
Deviation from elastic 
curve at change (%) 
  
0 (1) 76.75 10 80 15 
0 (2) 79.31 10 80 11.45 
0 (3) 70.28 10 80 25.95 
5 (1) 75.28 10 80 16.24 
5 (2) 75.61 10 80 14.82 
5 (3) 89.74 10 80 0 
10 85.20 10 80 4.67 
15 (1) 77.7 10 80 12.35 
15 (2) 70.6 10 80 23.14 
15 (3) 68.41 10 80 30.37 
20 (1) 72.3 10 80 19.23 
20 (2) 75.57 10 80 15.37 
20 (3) 82.49 10 80 7.25 
25 (1) 63.53 10 80 30.01 
25 (2) 73.48 10 80 20.85 
25 (3) 69.38 10 80 22.29 
30 (1) 65.52 10 80 32.69 
30 (2) 58.5 10 80 48.54 
  
0 (1) 62.79 10 80 35.49 
0 (2) 83.17 10 80 7.44 
0 (3) 83.12 10 80 7.25 
5 (1) 83.36 10 80 7.07 
5 (2) 82.39 10 80 7.93 
5 (3) 79.67 10 80 16.63 
15 (1) 83.57 10 80 7.72 
15 (2) 82.8 10 80 8.08 
15 (3) 74.04 10 80 16.49 
20 (1) 78.4 10 80 12.31 
20 (2) 74.56 10 80 16.24 
20 (3) 88.61 10 80 3.8 
25 (1) 75.95 10 80 14.23 
25 (2) 82.42 10 80 8.07 
25 (3) 74.36 10 80 16.21 
30 (1) 82.43 10 80 7.41 
30 (2) 77.73 10 80 14.7 
30 (3) 75.86 10 80 15.87 
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With the Figure presented below it is shown that this 2-segments model have its limitations 
with high angles, and therefore a 3-segments model could fit better the observations. 
 
 
 
A.21 3-segments model curves for smooth nails 
 
